Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

5-1-2020

Evaluation of pesticide application technology in cotton
production
Chase Samples

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Samples, Chase, "Evaluation of pesticide application technology in cotton production" (2020). Theses and
Dissertations. 2049.
https://scholarsjunction.msstate.edu/td/2049

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template C with Schemes v3.0 (beta): Created by J. Nail 06/2015

Evaluation of pesticide application technology in cotton production

By
TITLE PAGE
Chase Allen Samples

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Agronomy
in the Department of Plant and Soil Sciences
Mississippi State, Mississippi
May 2020

Copyright by
COPYRIGHT PAGE
Chase Allen Samples
2020

Evaluation of pesticide application technology in cotton production
By
APPROVAL PAGE
Chase Allen Samples
Approved:
____________________________________
Darrin M. Dodds
(Major Professor)
____________________________________
Angus L. Catchot
(Minor Professor)
____________________________________
Daniel B. Reynolds
(Committee Member)
____________________________________
J. Trenton Irby
(Committee Member)
____________________________________
Greg Kruger
(Committee Member)
____________________________________
Michael S. Cox
(Graduate Coordinator)
____________________________________
George M. Hopper
Dean
College of Agriculture and Life Sciences

Name: Chase Allen Samples
ABSTRACT
Date of Degree: May 1, 2020
Institution: Mississippi State University
Major Field: Agronomy
Director of Dissertation: Darrin Matthew Dodds
Title of Study: Evaluation of pesticide application technology in cotton production
Pages in Study 150
Candidate for Degree of Doctor of Philosophy
There have been many changes in production agriculture over the last 20 years. The use
of herbicide resistant crops has become common place in production agriculture. However, the
release of crops resistant to auxin herbicides has brought more attention to the pesticide
application process regardless of the type of pesticide applied. Moreover, controlling off-target
movement of pesticides has become an integral part of the day to day farming tasks. The use of
deposition aids when applied with water has been documented; however, the effect of deposition
aids on pesticide application is not well understood. Based on these findings, selecting a
deposition aid not only can be affected by the pesticide used but also the crop in question.
Additionally, label restrictions on auxin herbicide application in auxin tolerant crops brings an
additional problem to cotton growers. The use of insecticides in conjuction with herbicide
applications has been commonplace for many growers across the cotton belt. However, smaller
droplets have been utilized to increase coverage of these insecticides. Data presented in these
findings suggest that larger droplets can still have good levels of efficacy and in some instances
increase yield. The use of auxin tolerant crops allows for usage of addition POST herbicides to
cotton; however, the effect of these tank mix applications on ctrop injury is not well understood.
In both EnlistTM and Xtend® Flex cotton levels of injury were increased when glufosinate and S-

metolachlor were applied in a tank mix. However, yield was not negatively impacted in either
study.

DEDICATION
First and foremost, I would like to dedicate this research to my Lord and Savior Jesus
Christ. Without him, none of this would be possible. Next, I would like to dedicate this research
to my loving wife and my baby boy. The love I feel from both of you is unwavering, and
everything that I have done and will do in the future is for you. Kelly you have supported and
encouraged me throughout graduate school and I promise that it will all be worth it. I would
finally like to dedicate this to my family, particularly my parents. Mom and Dad you have
shaped me into the man I am today. I know that trials in life have been tough for you both, but
those trials served as a launching pad for myself and I wouldn’t have it any other way.

ii

ACKNOWLEDGEMENTS
I would like to express my most sincere gratitude to the people who have given so much
of their time to aid in this research. My most sincere appreciation is expressed to Dr. Darrin
Dodds. He has not only served as my major professor and supervisor, but also has become a
friend over the last seven years of my educational journey. His time, teaching, and support
throughout this process has educated me in ways that will allow me to be successful in my
future.
I would also like to thank the other members of my committee, Dr. Angus Catchot, Dr.
Trent Irby, Dr. Greg Kruger, and Dr. Dan Reynolds for their aid and direction they have shown
me throughout the last several years. I am thankful for their willingness to work with me and
help me achieve my goals.
I would like to thank the graduate students, and student workers who worked with me on
this project. Without their help this project would have not been possible. I am grateful to have
gained such good friends throughout this process and have learned invaluable lessons from each
of them. I would like to especially thank Thomas “Tommy” Butts, Drake Copeland, Drew
Denton, Michael Plumblee, Lucas Franca, Savana Davis, Bradley Wilson, Chase King, and
Bradley Norris. The help that each of you have given along the way has been invaluable in my
ability to finish this project.

iii

I would also like to say a special thank you to Debbie Boykin and Dr. Janice Dubien. The
time each of you took to guide me through the statistics of this project was a blessing and I am
grateful for your time and teaching.

iv

TABLE OF CONTENTS
DEDICATION ........................................................................................................................... ii
ACKNOWLEDGEMENTS....................................................................................................... iii
LIST OF TABLES ....................................................................................................................vii
LIST OF FIGURES ................................................................................................................... xi
CHAPTER
I.

EFFECT OF DEPOSTION AIDS ON CANOPY DEPOSITION WITH COMMONLY
USED HERBICIDE AND HERBICIDE COMBINATIONS IN COTTON AND
SOYBEAN ................................................................................................................... 1
1.1
1.2
1.3
1.4

Abstract ............................................................................................................. 1
Introduction ....................................................................................................... 2
Materials and Methods ....................................................................................... 4
Results ............................................................................................................... 9
1.4.1 Cotton Field Study ....................................................................................... 9
1.4.2 Droplet size distributions of cotton field study herbicide solutions ............. 10
1.4.3 Soybean field study .................................................................................... 12
1.4.4 Droplet size distributions of herbicide solutions used in soybean field study
.................................................................................................................. 12
1.5
Discussion ....................................................................................................... 14
1.6
Conclusions ..................................................................................................... 16
1.7
REFERENCES ................................................................................................ 29
II.

EFFECTS OF DEPOSTION AIDS ON CANOPY DEPOSITION WITH COMMONLY
USED INSECTICIDES IN COTTON AND SOYBEAN ............................................ 32
2.1
2.2
2.3
2.4

Abstract ........................................................................................................... 32
Introduction ..................................................................................................... 33
Materials and Methods ..................................................................................... 35
Results ............................................................................................................. 39
2.4.1 Cotton Field Study ..................................................................................... 39
2.4.2 Laboratory portion of cotton field study ..................................................... 40
2.4.3 Soybean Field Study .................................................................................. 42
2.4.4 Laboratory portion of soybean field study .................................................. 43
2.5
Discussion ....................................................................................................... 45
v

2.6
2.7
III.

Conclusion....................................................................................................... 47
REFERENCES ................................................................................................ 57

EFFECT OF DROPLET SIZE ON INSECTICIDE EFFICACY ON THRIPS
(Frankliniella sp.) IN COTTON [Gossypium hirsutum(L.)]. ....................................... 59
3.1
3.2
3.3
3.4

Abstract ........................................................................................................... 59
Introduction ..................................................................................................... 60
Materials and Methods ..................................................................................... 62
Results and Discussion .................................................................................... 66
3.4.1 Thrips Control............................................................................................ 66
3.4.1.1 Effect of acephate on immature thrips populations ............................... 66
3.4.1.2 Effect of dimethoate on immature thrips populations ............................ 68
3.4.1.3 Effect of spinetoram on immature thrips populations ............................ 69
3.4.2 Cotton Growth and Development ............................................................... 71
3.4.2.1 Early Season ........................................................................................ 71
3.4.2.2 Cotton Growth Paramters at First Bloom .............................................. 72
3.4.2.3 Cotton Growth Parameters at the end of the Season .............................. 74
3.4.2.4 Lint Yield............................................................................................. 75
3.5
Conclusion....................................................................................................... 75
3.6
REFERENCES .............................................................................................. 101
IV.

INJURY POTENTIAL OF HERBICIDE COMBINATIONS ON XTENDFLEXTM
COTTON .................................................................................................................. 105
4.1
4.2
4.3
4.4

Abstract ......................................................................................................... 105
Introduction ................................................................................................... 106
Materials and Methods ................................................................................... 108
Results ........................................................................................................... 111
4.4.1 Crop injury from applications .................................................................. 111
4.4.2 Plant growth and development parameters ............................................... 114
4.5
Discussion ..................................................................................................... 115
4.6
Conclusion..................................................................................................... 119
4.7
REFERENCES .............................................................................................. 130
V.

INJURY POTENTIAL FROM HERBICIDE COMBINATIONS IN ENLIST TM
COTTON .................................................................................................................. 133
5.1
5.2
5.3
5.4

Abstract ......................................................................................................... 133
Introduction ................................................................................................... 134
Materials and Methods ................................................................................... 137
Results and Discussion .................................................................................. 139
5.4.1 Herbicide combinations effect on crop injury parameters ......................... 139
5.4.2 Effects of increasing the number of modes of action ................................ 141
5.5
Conclusion..................................................................................................... 142
5.6
REFERENCES .............................................................................................. 149
vi

LIST OF TABLES
Table 1.1

Analysis of variance and associated P values for herbicide(s), deposition aids, and
position in the canopy for RFUA values in the cotton field study. ............................ 18

Table 1.2

Interaction of herbicide(s) and deposition aids on relative fluorescence units (RFU)
when applied to cotton. ........................................................................................... 19

Table 1.3

Effect of card position inside the crop canopy on relative fluorescence units (RFU)
when applied to cotton. ........................................................................................... 23

Table 1.4

Analysis of variance and associated P values for droplet size parameters of
herbicide(s) and deposition aids applied to cotton. .................................................. 24

Table 1.5

Effect of herbicide combination and deposition aid on DV0.5, DV0.1, DV0.9, relative
span and % < 150 µm, inside the wind tunnel for treatment combinations used in
cotton field study in 2014 and 2015. ....................................................................... 25

Table 1.6

Analysis of variance and associated P values for herbicide(s), deposition aids, and
position in the canopy for relative fluorescence unit (RFU) values for applications
made to soybean. .................................................................................................... 26

Table 1.7

Effect of herbicide(s) on relative fluorescence units (RFU) when applied to soybean.
............................................................................................................................... 26

Table 1.8

Effect of card position inside the crop canopy on relative fluorescence units (RFU)
when applied to soybean. ........................................................................................ 26

Table 1.9

Analysis of variance and associated P values for droplet size parameters of
herbicide(s) and deposition aids applied to soybean. ............................................... 27

Table 1.10 Effect of herbicide combination and deposition aid applied to soybean field study on
DV0.1, DV0.5, DV0.9, relative span (R.S.), % droplets < 150 µm inside the wind tunnel
in 2014 and 2015. ................................................................................................... 28
Table 2.1

Analysis of variance and associated P values for RFUA values measured for
applications made in cotton. ................................................................................... 49

Table 2.2

Effect of the interaction of insecticide(s) and deposition aids on relative fluorescence
units (RFU) when applied to cotton. ....................................................................... 49
vii

Table 2.3

Effect of card position within the crop canopy on relative fluorescence units (RFU)
when applied to cotton. ........................................................................................... 50

Table 2.4

Analysis of variance and associated P values for droplet size parameters of
insecticides(s) and deposition aids used in field testing on 0.61 m cotton in 2014 and
2015. ...................................................................................................................... 51

Table 2.5

Effect of insecticide(s) and deposition aid on DV0.1, DV0.5, DV0.9, relative span
(R.S.) and % < 150 µm, values for treatment combinations used in cotton field study.
............................................................................................................................... 52

Table 2.6

Analysis of variance and associated P values for insecticide(s), deposition aids, and
position in the canopy for RFUA values for applications made in 2014 and 2015 in
the soybean field study. .......................................................................................... 53

Table 2.7

Effect of the interaction of insecticide(s) and deposition aids on relative fluorescence
units (RFU) when applied to soybean ..................................................................... 53

Table 2.8

Effect of card position within the soybean canopy on relative fluorescence units
(RFU) when applied to soybean. ............................................................................. 54

Table 2.9

Analysis of variance and associated P values for droplet size parameters following
application of insecticides(s) and deposition aids in soybean. ................................. 55

Table 2.10 Effect of insecticide(s) and deposition aid on DV0.5, DV0.1, DV0.9, relative span
(R.S.) and % < 150 µm, inside the wind tunnel for treatment combinations used in
soybean field study in 2014 and 2015. .................................................................... 56
Table 3.1

Nozze type, orifice size, and application pressure combinations for each acephate,
spinetoram, and dimethoate droplet size (DV0.5) treatment.A ................................... 77

Table 3.2

Analysis of Covariance for immature thrips control at three days after treatement
(DAA) and 7 DAA for three experiments that contained either acephate, dimethoate,
or spinetoram.......................................................................................................... 78

Table 3.3

Analysis of variance for parameters evaluated during the growing season for
experiments receiving acephate, dimethoate, or spinetoram. ................................... 79

Table 3.4

Effect of droplet size and year on immature thrips populations 3 days after
application control with applications of acephate in 2015 and 2016 in Starkville, MS
and Brooksville, MS. .............................................................................................. 80

Table 3.5

Generalized additive model (GAM) for immature thrips present three days after
application smoothing parameters and deviance explained for applications of
acephate within individual site years for determination of an optimal droplet size. .. 81

viii

Table 3.6

Generalize additive model (GAM) smoothing parameters and deviance explained for
immature thrips present three days after application of dimethoate across site years
for determination of an optimal droplet size. ........................................................... 82

Table 3.7

Effect of droplet size on immature thrips populations 3 days after application
following application of spinetoram across years and locations. .............................. 82

Table 3.8

Generalize additive model (GAM) smoothing parameters and deviance explained for
immature thrips present 3 days after application of spinetoram within individual site
years for determination of an optimal droplet size. .................................................. 83

Table 3.9

Cotton biomass 14 days after dimethoate application at various droplet sizes at each
site-year.................................................................................................................. 84

Table 3.10 Effect of acephate application with various droplet sizes on cotton height at 1st
bloom at each site-year. .......................................................................................... 85
Table 3.11 Cotton height at first bloom following application of dimethoate at various droplet
sizes. ...................................................................................................................... 86
Table 3.12 Nodes above white flower at first bloom following applications of dimethoate
application with various droplet sizes at each site-year. .......................................... 86
Table 3.13 Plant height at the end of the season following acephate application with various
droplet sizes for each site year. ............................................................................... 87
Table 3.14 Total cotton nodes at the end of the season following acephate application with
various droplet sizes. .............................................................................................. 87
Table 3.15 Total cotton nodes at the end of the season following spinetoram application with
various droplet sizes. .............................................................................................. 88
Table 3.16 Nodes above cracked boll following dimethoate application at various droplet sizes.
............................................................................................................................... 88
Table 3.17 Cotton lint yield following acephate application with various droplet sizes polled
over site-years. ....................................................................................................... 89
Table 3.18 Generalize additive model (GAM) smoothing parameters and deviance explained for
lint yield following applications of acephate pooled over site years. ....................... 89
Table 4.1

Dates of planting, rating, as well as growth and development data collection for the
years 2015-2017 for the locations of Starkville and Brooksville, MS. ................... 121

Table 4.2

List of herbicide combinations used as well as rates applied (kg ai ha-1 or kg ae ha-1)
in 2015, 2016, and 2017 at Starkville, MS and Brooksville, MS. .......................... 122
ix

Table 4.3

Analysis of variance and associated p-values for the effects of herbicide combination
on crop injury at 3, 7, 14, 21, and 28 days after application pooled across years and
locations. .............................................................................................................. 123

Table 4.4

Analysis of variance and associated p-values for the effects of herbicide combination
on cotton growth and development parameters at 1st bloom and at the end of the
season as well as cotton lint yield ......................................................................... 123

Table 4.5

Effect of herbicide application on crop injury 3, 7, 14, and 21 days after application
pooled across years and locations. ........................................................................ 124

Table 4.6

Effect of herbicide application on cotton injury based on Colby’s Method three days
after the 3-6 leaf application. ................................................................................ 125

Table 4.7

Effect of herbicide application on cotton injury based on Colby’s Method seven days
after the 3-6 leaf application. ................................................................................ 126

Table 4.8

Effect of herbicide application on cotton injury based on Colby’s Method 14 days
after the 3-6 leaf application. ................................................................................ 127

Table 4.9

Effect of herbicide application on cotton growth and development parameters pooled
across years and locations. .................................................................................... 128

Table 4.10 Single degree of freedom contrasts comparing herbicide combinations containing
glufosinate or S-metolachlor to herbicide combinations containing both glufosinate
and S-metolachlor at 3, 7, 14, and 21 days after application. ................................. 129
Table 5.1

Dates of planting, visual rating, and harvest evaluation of multiple herbicide mode of
actions applied to W3FE cotton. ........................................................................... 144

Table 5.2

List of herbicide combinations used as well as rates applied (kg ai ha-1 or kg ae ha-1)
to W3FE cotton. ................................................................................................... 145

Table 5.3

Analysis of variance for the effect of herbicide combinations on visual injury
estimates at 7, 14 and 28 days as after application as well as lint yield. ................. 146

Table 5.4

Analysis of variance for the effect of number of mode of actions used in a single
application had on visual injury estimates at 7, 14 and 28 days as after application as
well as lint yield. .................................................................................................. 146

Table 5.5

Effect of herbicide combinations applied to W3FE cotton on percentage foliar
necrosis and total foliar visual injury. ................................................................... 147

Table 5.6

Effect of number of mode of actions applied in a single application to 3-6 leaf
EnlistTM traited cotton on % foliar necrosis visual injury at 7, 14, and 28 days after
application. ........................................................................................................... 148
x

LIST OF FIGURES
Figure 3.1 Number of immature thrips present per five plants following acephate application at
differing droplet sizes at the Black Belt Branch Experiment Station in Brooksville,
MS in 2016. The grey shaded area indicates the 95 % confidence interval. ............. 90
Figure 3.2 Number of immature thrips present per five plants following acephate application at
differing droplet sizes at the Black Belt Branch Experiment Station in Brooksville,
MS in 2017. The grey shaded area indicated the 95 % confidence interval. ............. 91
Figure 3.3 Number of immature thrips present following acephate application at differing
droplet sizes at the R. R. Foil Plant Science Research Center in Starkville, MS in
2016. The grey shaded area indicated the 95 % confidence interval. ....................... 92
Figure 3.4 Number of immature thrips present acephate application at differing droplet sizes at
the R. R. Foil Plant Science Research Center in Starkville, MS in 2017. The grey
shaded area indicated the 95 % confidence interval................................................. 93
Figure 3.5 Number of immature thrips present per five plants following dimethoate application
at differing droplet sizes pooled over site-year. The grey shaded area indicated the 95
% confidence interval. ............................................................................................ 94
Figure 3.6 Number of immature thrips present per five plants following spinetoram application
at differing droplet sizes at the Black Belt Branch Experiment Station in Brooksville,
MS in 2016. The grey shaded area indicated the 95 % confidence interval. ............. 95
Figure 3.7 Number of immature thrips present following spinetoram application at differing
droplet sizes at the Black Belt Branch Experiment Station in Brooksville, MS in
2017. The grey shaded area indicated the 95 % confidence interval. ....................... 96
Figure 3.8 Number of immature thrips present following spinetoram application at differing
droplet sizes at the R.R. Foil Plant Science Research Center in Starkville, MS in
2016. The grey shaded area indicated the 95 % confidence interval. ....................... 97
Figure 3.9 Number of immature thrips present following spinetoram application at differing
droplet sizes at the R.R. Foil Plant Science Research Center in Starkville, MS in
2017. The grey shaded area indicated the 95 % confidence interval. ....................... 98
Figure 3.10 Number of immature thrips present following dimethoate application at differing
droplet sizes at Starkville in 2016. The grey shaded area indicated the 95 %
confidence interval. ................................................................................................ 99
xi

Figure 3.11 Cotton lint yield following applications of acephate at differing droplet sizes. The
grey shaded area indicated the 95 % confidence interval ....................................... 100

xii

CHAPTER I
EFFECT OF DEPOSTION AIDS ON CANOPY DEPOSITION WITH COMMONLY USED
HERBICIDE AND HERBICIDE COMBINATIONS IN COTTON AND SOYBEAN
1.1

Abstract
Droplet size a critical factor in accuracy and retention of pesticide application.

Historically, the adoption to glyphosate-tolerant crops intensified the need to control off-target
movement. The commercial use of auxin tolerant crops has necessitated increased awareness
regarding herbicide off-target movement. Deposition aids are advertised as a possible solution to
off-target movement; however, the effect of deposition aids on canopy deposition are not well
understood. Field studies in both cotton and soybean, as well as wind tunnel studies were
conducted in 2014 and 2015 to determine the impact of deposition aids on canopy penetration
when applied with herbicides used in auxin tolerant crops. Canopy deposition and penetration
was evaluated as well as how droplet size was impacted by the addition of deposition aids. Each
herbicide or herbicide combination was applied alone or in combination with HM 9679A (oil) @
1% v/v, HM 1428 (polymer) @ 0.5 % v/v, or HM 9733 (guargum) @ 30 g/38 L of water. Results
differed by crop type. In the cotton field study, three of the five treatments produced DV0.1
values < 200 µm. MON 76832 (dicamba + glyphosate) + oil deposition aid, MON 119096
(dicamba) + glufosinate in combination with the oil deposition aid, and MON 76832 (dicamba +
glyphosate) + acetochlor alone resulted in DV0.1 values < 200 µm. Generally, smaller droplets

1

increased level of deposition. Canopy penetration measured in relative fluorescence units varied
by crop type.
1.2

Introduction
Droplet size and velocity distribution of droplets are two of the most important factors in

accuracy and retention of pesticide applications (Lake and Marchant 1983). The shift to
glyphosate-tolerant crops intensified the need to control off-target movement of glyphosate onto
surrounding non-resistant plants (Mueller and Womac 1997; Ramsdale and Messersmith 2001).
Historically, droplet size was manipulated by either increasing or decreasing the application
pressure or selecting a larger orifice nozzle (Spray Drift Task Force 1997). However, off-target
movement of spray particles may be mitigated by increasing the droplet size with a drift control
adjuvant in combination with the pesticide (Bode et al., 1976).
Adjuvants are grouped into one of three categories based on: (1) the effect they have
during the application process, (2) function, and (3) the chemical class to which they belong.
Some products are multi-use adjuvants which are typically the result of specific physiochemical
properties of the adjuvant (Spanoghe et al. 2007). Utility adjuvants may influence spray
formation which becomes important when applications require an optimum droplet size for
activity (Knoche 1994). However, utility adjuvants generally do not affect herbicide efficacy but
rather attempt to make the application process more efficient (McMullan 2000).
Adjuvants used to control off-target movement are commonly referred to as drift control
agents (DCA). There are several types of DCAs with the most common being polymer or
polymeric products (Jones et al. 2007). A major group of polymeric DCAs is polyacrylamidebased products (McMullan 2000). Among this group of DCAs are polysaccharides, with the
most common being guar and xanthan gums (McMullan 2000). Akesson et al. (1994) reported
2

that naturally occurring polysaccharides such as gums, agars, and algin serve as thickening
agents in water-based applications. Guargum based polysaccharides can effectively reduce the
percentage of spray droplets ≤ 150 µm (Hazen 1996) due to altering the viscoelastic properties of
the spray solution (Hewitt 1998). Extensional viscosity allows spray droplets to resist liquid
stretching. Shear viscosity is the level of viscosity at a given shear rate. As shear viscosity
decreases, spray droplets become coarser (McMullan 2000). Altering both extensional viscosity
and shear viscosity can produce a coarser droplet with a higher volume median diameter (VMD)
thereby reducing drift potential (McMullan 2000).
The combination of DCAs with certain formulations of glyphosate may result in
decreased efficacy (Anonymous 2005). Jones et al. (2007) reported the addition of two differing
DCAs to glyphosate resulted in 19 and 50% less of the spray volume in droplets <141 µm and 15
and 59% larger VMD of spray droplets, when compared to glyphosate alone. When application
pressure was increased 1.5-fold, droplets size effects were found to be proportionally similar to
those of the original spray droplets (Jones et al. 2007).
Two other subgroups of the polyacrylamides include the nonionic polyacrylamides and
the anionic polyacrylamides (McMullen 2000). Anionic polyacrylamides are characterized by a
negative net charge and a higher molecular weight. The nonionic subgroup is characterized by a
net neutral charge and a lower molecular weight (McMullen 2000). Additional DCAs consist of
suspended polyacrylamides in an oil surfactant which forms an emulsion when in a spray
solution (Chamberlain and Rose 1998). Invert emulsions consist of water suspended in the oil
phase causing the invert concentrate to encapsulate the pesticide with the droplet also
encapsulating water. Invert emulsions increase VMD and reduce the driftable fraction (Hall et al.
1998).
3

A deposition aid is defined as a material that improves the ability of pesticide sprays to
deposit on targeted surfaces (ASTM 1995). There are two primary methods to increase pesticide
deposition:(1) increase the level of pesticide deposited directly on the crop, and (2) increase
uniformity of pesticide deposition (McMullen 2000). Farris (1991) reported an increase in the
number of droplets observed per cm2 of the target surface when a deposition aid was added to the
spray mix. Increasing the level of a pesticide making it to the target surface has two primary
benefits including increased efficacy as well as reduced off target movement (McMullen 2000).
Richards et al., (1998) observed that several deposition aids had no impact on the VMD or the
driftable fraction of spray droplets during pesticide application.
Numerous cases of legal action involving off-target movement of pesticides are filed with
the Mississippi Bureau of Plant Industry each year. Of these, a large majority involve herbicides.
With auxin tolerant crops gaining regulatory approval, off-target movement of auxin herbicides
has been deleterious for adjacent crops and other species lacking the appropriate technology. The
impact of deposition aids on canopy deposition is not well understood. Therefore, this research
was initiated to determine the effects of varying deposition aids on herbicide combinations that
may be used in cotton [Gossympium hirsutum (L.)] and soybean [Glycine max (L.) Merr.].
1.3

Materials and Methods
Experiments were conducted in 2014 and 2015 at the R. R. Foil Plant Science Research

Center at Starkville, MS and the Black Belt Branch Experiment Station in Brooksville, MS.
Cotton and soybean were planted on conventionally tilled beds spaced 96 cm apart. Deltapine
1321 B2RF (Monsanto Company, St. Louis, Missouri) was planted on 08 May 2014 and 03 May
2015 at Starkville and 20 May 2014 and 17 May 2015 at Brooksville at a seeding rate of 111,150
seeds ha-1 and a planting depth of 2 cm. Cotton seed were treated with Acceleron N
4

(Thiamethoxam + Pyraclostrobin + Ipconazole + Abamectin) (Monsanto Company, St. Louis,
Missouri). Asgrow 5332 seed were left untreated and were seeded at a rate of 333,450 seeds ha-1
and was planted at depth of 3.8 cm and was seeded on 29 May 2014 at both locations and 27
May 2015 at both locations. Both crops were managed until a height of 61 cm was reached. At
that point, pesticide applications were made using a Bowman Mudmaster (Bowman
Manufacturing, Newport, Arkansas) equipped with AIXR 110015 spray nozzles calibrated to
deliver 138 L ha-1 at 386 kPa. Applications were made 46 cm above the crop canopy with wind
speed remaining at or below 8 km hr-1. All other management factors of the crop including
fertility, weed, and insect pest management were applied and managed based on Mississippi
State University Extension recommendations.
Separate, yet similar experiments were conducted in cotton and soybean. Both
experiments utilized a factorial arrangement of treatments within a randomized complete block
design with all experiments containing four replications. In each crop, herbicides and deposition
aids were evaluated. Herbicide(s) and herbicide combinations for the cotton field study consisted
of: glyphosate + dicamba (MON 76832, Monsanto Company, St. Louis, Missouri) @ 4.67 L ha-1
(0.6 kg ae ha-1 dicamba + 1.1 kg ae ha-1 glyphosate), glyphosate + 2, 4-D choline (Enlist DuoTM
with Colex D technology, Dow AgroSciences LLC, Indianapolis, Indiana) @ 2.33 L ha-1 (0.9 kg
ae ha-1 glyphosate + 0.9 kg ae ha-1 2,4-D choline), glufosinate (Liberty® 280 SL, Bayer
CropScience, Durham, North Carolina) @ 0.6 kg ai ha-1 + dicamba (Xtendimax® with
VaporGrip® technology, Monsanto Company, St. Louis, Missouri) @ 0.6 kg ae ha-1, glyphosate
+ dicamba (MON 76832) + acetochlor (Warrant®, Monsanto Company, St. Louis, Missouri) @
1.3 kg ai ha-1, and glyphosate + dicamba (MON 76832) + S-metolachlor (Dual Magnum ,
Syngenta Crop Protection, Greensboro, North Carolina) @ 1.38 kg ai ha-1. Each herbicide(s) or
5

herbicide combination was applied alone or in combination with HM 9679A (oil) @ 1% v/v, HM
1428 (polymer) @ 0.5 % v/v, or HM 9733 (guargum) @ 30 g/38 L of water. All deposition aids
were provided by Helena Chemical Company. A fluorescent red tracer dye (Cole-Parmer,
Vernon Hills, Illinois) was added to each product(s) at 0.2% v/v. Soybean herbicide treatments
consisted of glufosinate @ 0.6 kg ai ha-1 + dicamba (Xtendimax® with VaporGrip® technology)
@ 0.6 kg ae ha-1, glufosinate + glyphosate+ 2, 4-D choline premix (Enlist DuoTM with Colex D
Technology,) @ 2.33 L ha-1 (0.9 kg ae ha-1 glyphosate + 0.9 kg ae ha-1 2,4-D choline),
glyphosate (Roundup Powermax, Monsanto Company, St. Louis, Missouri) @ 1.1 kg ae/ha-1 +
fomesafen (Flexstar®, Syngenta Crop Protection, Greensboro, North Carolina) @ 0.26 kg ai ha-1,
glufosinate + fomesafen, and MON 76832 + fomesafen. Each herbicide or herbicide combination
was applied alone or in combination with HM 9679A (oil) @ 1% v/v, HM 1428 (polymer) @ 0.5
% v/v, or HM 9733 (guargum) @ 30 g/38 L of water. A fluorescent red tracer dye (Cole-Parmer,
Vernon Hills, IL) was added to each product(s) at 0.2% v/v.
Metal stands were constructed and utilized to evaluate deposition into the crop canopy.
Stands measured 61 cm in height with each stand made up of square tubing serving as the main
beam. A horizontal cardholder was located on each of the four sides, and cardholders were
spaced equidistantly apart on the vertical axis with the first position being located at the top of
the canopy, second position being 15 cm downward from the first position, third position being
30 cm downward from the first position, and the fourth position being 46 cm downward from the
first position. Each cardholder was positioned in a spiral manner down the main beam in an
attempt to capture deposition throughout the crop canopy. Stands were placed in rows two and
three of the crop row in each plot. The stand in row two was at the one end of the plot and the
stand in row three was at the opposite end of the plot. Stands were placed in the row in a manner
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to which the lowest position was perpendicular to the row on one stand and parallel to the crop
row on the other stand.
Mylar cards (Grafix, Maple Heights, Ohio) (10 cm by 10 cm) were placed at each
position on the stand and held securely using a small paper clip. Cards were never handled with
bare skin in order to minimize contamination. All mylar cards were removed from each card
holder using a fresh pair of latex gloves.
Prior to the application process, mylar cards were placed on all stands and stand
positions. Once the application had been made, the spray solution was allowed to dry for 90
seconds after which time cards were collected immediately due to high photo degradability of the
fluorescent dye. Cards were placed in a pre-labeled plastic bag and immediately placed in a dark
container. Once all applications were completed, mylar cards in dark containers were placed in
cold storage and subsequently shipped to the University of Nebraska-Lincoln Pesticide
Application Technology Laboratory located at the West Central Research and Extension Center
in North Platte, NE. Spray deposition cards were analyzed using a fluorimeter (Trilogy
Laboratory Fluorometer, Turner Designs, Sunnyvale, CA 94085). Deposition on each card was
determined by placing 40 ml consisting of one-half deionoized water and one-half rubbing
alcohol in the bag with the card using a bottle top type dispenser (Model 6000-BTR
LabSciences, Inc, Reno, NV 89510). Once the solution was in the bag, the card was scrubbed
and agitated from the outside of the bag while wearing latex gloves to remove the application
solution and dye from the card. After scrubbing, a 2 ml sample was collected from each bag and
placed in a cuvette. The cuvette was then placed in a rhodamine/phcoenythrin module inside a
fluorimeter. Fluorescense data were collected at 24 C. Additionally, random samples were
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further diluted to bring RAW fluorescense unit readings within a range known response of the
calibrated fluorometry system (Fritz et al. 2011).
After herbicides and deposition aids were mixed and prior to the application being made,
180 ml samples were collected from each treatment and placed in a dark container and stored at
3° C. Samples were delivered to the University of Nebraska Pesticide Application Technology
Laboratory for droplet size analysis. Droplet size from each product was determined using laser
diffraction. The wind tunnel operates at a constant wind speed of 24 km hr-1 with wind being
directed in a laminar manner. Creech et al. (2015) and Henry et al., (2014) both provide in depth
details regarding wind tunnel operation. All pesticides and deposition aids were applied using a
single nozzle (AIXR 110015) calibrated to deliver 138 L ha-1 at 386 kPa. A laser diffraction
system was utilized to collect three separate droplet size measurements for each spray solution
which served as three replications. Droplet size was determined by measuring the level of light
that was diffracted by the spray droplet as the spray pattern moved downward across the laser
beam.
Data from cotton and soybean were analyzed separately and were analyzed using SAS
9.4 (SAS Institute, Cary, NC 27513). Data were analyzed using the PROC GLIMMIX procedure
with means separated using Fischer’s protected LSD of α = 0.05. Year had no effect on observed
data; therefore, year was treated as a random effect and data were pooled across years.
Differences between stand one and two were evaluated; however, no effect was observed due to
stand. Therefore, data were pooled over stand within a plot to get a more absolute value across
multiple deposition angles inside the crop canopy. Droplet size data were analyzed using SAS
9.4. using the PROC GLIMMIX procedure and means separated using Fischer’s protected LSD
of α = 0.05.
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1.4
1.4.1

Results
Cotton Field Study
An interaction was present between herbicide(s) and deposition aids for deposition

measured in RFU (relative fluorescence units) (pooled over all locations within the crop canopy)
(Table 1.1). Relative fluorescence units varied by treatment and ranged from 1055 – 2515 (Table
1.2). Each respective herbicide(s) performed differently with respect to total deposition when
combined with various of deposition aids. No clear trend was present with respect to total
deposition when using any given deposition aid. However, for each herbicide(s), deposition
differed based on the type of deposition aid utilized. Relative fluorescence values observed
following applications of glyphosate + dicamba were maximized when an oil or polymer
deposition aid was utilized. Deposition of glyphosate + dicamba was similar when a polymer or
guargum deposition aid was utilized. No differences in RFU values were observed when utilizing
an oil, polymer, or guargum deposition aid with glyphosate + 2,4-D choline, dicamba +
glufosinate, or glyphosate + dicamba + S-metolachlor. When acetochlor was applied in
combination with glyphosate + dicamba, reduced total deposition was observed when an oil or
polymer deposition aid was includedcompared to when no deposition aid or a guargum
deposition aid were utilized.
Mylar card position inside the crop canopy also affected RFU values (Table 1.1).
Deposition measured was the highest at position one (top of the canopy) with a value of 2345
RFU (Table 1.3). Relative fluorescence units at 15 cm downward in the cotton canopy were
reduced 32% and were similar to values observed 30 cm down in the cotton canopy. However,
deposition at 46 cm below the top of the canopy was reduced when compared to all other
positions. At 46 cm below the apical meristem, deposition was reduced by 41%. Furthermore,
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there is no evidence that addition of a deposition aid increased the level of herbicide deposition
downward in the cotton canopy.
1.4.2

Droplet size distributions of cotton field study herbicide solutions
An interaction between herbicide and deposition aid impacted all droplet parameters

evaluated including: DV0.1, DV0.5, DV0.9, relative span, and % droplets < 150 µm (Table 1.4).
DV0.1 refers to the droplet size in which 10% of the spray volume is of a lesser droplet diameter.
DV0.5 refers to the droplet size at which one – half of the droplet spectrum is smaller than and
one – half of the droplet spectrum is greater. DV0.9 defines the droplet size in which 90% of the
droplets are smaller. Relative span is a dimenionless response variable that provides a measure
of the spray droplet distribution homogeneity.
Generally, the addition of a deposition aid increased DV0.1, DV 0.5, and DV0.9 values.
However, inclusion of an oil deposition aid with glyphosate + 2, 4-D choline and glyphosate +
dicamba + S-metolachlor resulted in reduced DV0.1 and DV0.9 values respectively. Inclusion of
an oil deposition aid with glyphosate + dicamba with or without acetochlor or S - metolachlor
resulted in similar DV0.5 as to when these products were applied with no deposition aid.
Applications of glyphosate + 2,4-D choline with or without an oil deposition aid resulted in
similar DV0.5 values. Applications of glyphosate + dicamba alone or with acetochlor resulted in
similar DV0.9 values when applied with no deposition aid or when applied with an oil. Noting the
previous exception, inclusion of guargum deposition aid produced the largest DV0.1, DV0.5, and
DV0.9 values followed by polymer and oil deposition aids compared to where no deposition aid
was utilized.
Relative span was impacted by a herbicide and deposition aid interaction and there were
no apparent trends associated with relative span due to treatments (Table 1.5). Lower relative
10

span indicates a more homogenous spray distribution. The inclusion of an oil deposition aid
reduced the relative span of all herbicide(s) except glyphosate + 2,4-D choline. Similar relative
span values were observed when an oil or polymer deposition aid was added to glyphosate +
dicamba and dicamba + glufosinate. The addition of a polymer deposition aid increased the
relative span of glyphosate + 2,4-D choline, glyphosate + dicamba + acetochlor or S-metolachlor
compared to relative span values observed when no deposition aid or an oil deposition aid were
included with these herbicides. The addition of a guargum deposition aid to glyphosate +
dicamba or dicamba + glufosinate resulted in smaller relative span values than where no
deposition aid was utilized or where oil or polymer deposition aids were utilized. However,
adding a guargum deposition aid to glyphosate + 2,4-D choline or glyphosate + dicamba +
acetochlor or S-metolachlor resulted in relative span values greater than when no deposition aid
or an oil deposition aid was utilized. Generally, the greatest relative span values were observed
when a polymer deposition aid was used.
A herbicide and deposition aid interaction impacted the % of droplets less than 150 µm in
size (Table 1.5). The % of droplets less than 150 µm ranged from 0.6-16% depending on the
product. The addition of a deposition aid, regardless of type, decreased the % of droplets less
than 150 µm, with the one exception occurring when glyphosate + 2,4-D choline was combined
with an oil deposition aid which produced more droplets < 150 µm when compared to glyphosate
+ 2,4-D choline without a deposition aid. The greatest reduction in % of droplets less than 150
µm with all herbicide combinations was attained when a guargum deposition aid was utilized.
With all herbicide(s), the polymer deposition aid produced fewer droplets less than 150 µm in
diameter when compared to treatments that received no deposition aid or treatments that utilized
an oil deposition aid.
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1.4.3

Soybean field study
No significant interactions were present between herbicide(s), deposition aids, and card

position inside the crop canopy with respect to RFU values. Herbicide and card position both
affected RFU values in the crop canopy (Table 1.6). Deposition aid had no impact the level of
RFU collected inside the soybean canopy.
Relative fluorescence units ranged from 1291-1788 depending on the herbicide(s) (Table
1.8). Application of glyphosate + dicamba + fomesafen resulted in a higher RFU value (1788)
across all positions inside the crop canopy compared to glypohosate + fomesafen (1392), 2,4-D
choline + fomesafen (1291), and glufosinate + fomesafen (1291). However, applications of
glufosinate + dicamba resulted in similar RFU values to all other treatments.
Card position inside the soybean canopy impacted RFUs measured (Table 1.6).
Generally, the further down in the canopy, RFU values decreased. Relative fluorescence units
measured 2343 at the top of the crop canopy which was greater than RFU values measured at 15
cm downward, 30 cm downward, and 45 cm downward which measured 1752, 933, and 792,
respectively (Table 1.9). Relative fluorescence units were also greater 15 cm downward when
compared to 30 and 45 cm downward from the top of the canopy. Total percent of RFU values at
the top of the canopy as well as 15, 30, and 45 cm downward was 40, 30, 16, and 14%,
respectively. Based on these data, approximately 70% of the measured deposition was collected
in the top 15 cm of the soybean canopy.
1.4.4

Droplet size distributions of herbicide solutions used in soybean field study
A herbicide by deposition aid interaction was present for spray droplet size distribution

(Table 1.9). DV0.1 values ranged from 120 µm to 365 µm. With the exception of adding an oil
deposition aid to glufosinate + 2,4-D choline or fomesafen, adding an oil, polymer or guargum
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deposition aid increased DV0.1 values. Regardless of herbicide(s), the addition of polymer
deposition aid resulted in greater DV0.1 values than those observed following addition of an oil
deposition aid or no deposition aid. Furthermore, addition of guargum to all herbicide(s) resulted
in the greatest DV0.1 values.
DV0.5 values ranged from 281 µm to 728 µm. The addition of an oil deposition aid to 2,4D choline + glfusoinate reduced DV0.5 values. With the exception of adding an oil deposition aid
to fomesafen + glyphosate or glufosinate; addition of all other deposition aids to herbicides
increased DV0.5 values. Adding an oil deposition aid to fomesafen + glyhphosate or glufosinate
resulted in similar DV0.5 as when no deposition aid was utilized. Addition of a guargum
deposition aid resulted in the greatest DV0.5 values, regardless of herbicide. Inclusion of a
polymer deposition aid resulted in lower DV0.5 values compared to when a guargum was utilized.
However, addition of a polymer deposition aid increased DV0.5 values compared to values
obtained when no deposition aid or an oil deposition aid was utilized.
DV0.9 values were maximized when a guargum deposition aid was utilized, regardless of
herbicide(s). Inclusion of an oil deposition aid with fomesafen + glufosinate or glyphosate +
dicamba resulted in similar DV0.9 values to when no deposition aid was utilized. The use of a
polymer deposition aid decreased DV0.9 values compared to those obtained when guargum was
used but increased DV0.9 values compared to where an oil deposition aid was used.
The effect of deposition aid and herbicide on relative span varied depending on product
combination. The addition of an oil deposition aid decreased the relative span of droplets from
all herbicides except glufosinate + fomesafen compared to when no deposition aid was used. Use
of a polymer deposition aid decreased relative span of droplets when applying glufosinate +
dicamba, 2,4-D choline, or fomesafen compared to when no deposition aid was used. However,
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the addition of polymer deposition aid to fomesafen + glyphosate or glyphosate + dicamba
resulted in similar relative span of droplets as when no deposition aid or guargum deposition aid,
respectively, were included. Inclusion of guargum with all herbicide(s) except glyphosate +
dicamba + fomesafen decreased relative span of spray droplets compared to when no deposition
aid was used as well as when an oil or polymer deposition aid was utilized.
The greatest percent of spray droplets < 150 µm was observed when no deposition aid
was utilized, regardless of herbicide. The inclusion of a guargum, polymer, and oil deposition aid
resulted in the least to greatest percent of droplets < 150 µm produced. When no deposition aid
was utilized, the greatest percentage of droplets < 150 µm were produced, regardless of
herbicide.
1.5

Discussion
In both field studies, a variety of results were produced. Treatment combinations were

evaluated for droplet size in the wind tunnel to better understand field results. In the cotton field
study, two opposite ends of the droplet spectrum were represented in the highest RFU values.
Three of the five treatments produced DV0.1 values < 200 µm. glyphosate + dicamba + oil
deposition aid, glufosinate + dicamba + oil deposition aid, and glyphosate + dicamba +
acetochlor alone resulted in DV0.1 values < 200 µm. Generally, smaller droplets increased the
level of RFU deposition (data not shown). Application of dicamba + glufosinate resulted in the
greatest relative span of droplets and the highest percentage of droplets < 150 µm. These
findings would agree with findings from Spillman (1984) and Forster et al., (2005) who found
that smaller droplets with a lower terminal velocity resulted in greater leaf retention. Findings in
the soybean field and laboratory studies support these results as glyphosate + dicamba +
fomesafen produced the smallest droplet size but also resulted in the greatest level of RFU
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deposited throughout the canopy (Table 1.7 & 1.10). Lake (1977) found that smaller droplets
with less terminal velocity had greater leaf retention because they were less likely to bounce.
In cotton, glufosinate + dicamba applied with the guargum deposition aid produced the
largest droplet sizes with the lowest relative span, as well as the lowest percentage of droplets ≤
150 µm (Table 1.6). Relative fluorescence units observed with this treatment were not different
those produced from glyphosate + dicamba + acetochlor applied without a deposition aid. In all
other scenarios where RFU values were above 2200, all treatment combinations had a relative
span between 1.13 and 1.25. Generally, when the relative span was on the lower end of this
range, the treatment combination had a percentage of droplets ≤ 150 µm above 6% and less than
11% (Table 1.5). This would suggest that variability in droplet size as well as the number of
droplets produced ≤ 150 µm can complement one another with respect to crop canopy
penetration.
Differences associated in the level of deposition measured in RFUs at each position
between canopy types can potentially be explained through the management of each crop (Table
1.3 & Table 1.8). Mepiquat chloride is applied to cotton as a plant growth regulator. Applications
of mepiquat chloride reduce length between internodes and plant height by reducing gibberellic
acid in plant tissues (Nuti et al.; 2006; Reddy et al., 1990; Zhao and Oosterhuis, 2000). Reduced
gibberellic acid causes cell walls to stiffen, reduced elongation, and slower division of cells
(Behringer et al., 1990; Biles and Cothren, 2001; Yang et al., 1996). In both years of this study,
mepiquat chloride was applied at 1st bloom to cotton. These applications can change the plant
architecture by reducing distance between nodes, and if additional applications are not
warranted, node length can begin to expand. Moreover, seeding rates vary greatly between the
two crop types. Also, the leaf area index (LAI) differs between the two crop types. The optimum
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LAI for soybean in a subtropical environment is between 3.6 (indeterminate) and 4.5
(determinate) at first flower. The leaf area index of soybean has been observed to reach 6.0 to 6.5
indeterminate and determinate cultivars (Tagliapietra et al., 2018). Yield potential of cotton has
been shown to maximize at a LAI of 5 (Ashley et al., 1965). The greatest deposition was
measured at the top of the crop canopy and there were no differences between 15 cm and 30 cm
downward from the top; however, both were less than that of the top position, and finally,
deposition measured at 45 cm downward was less than all other positions (Table 1.3). Deposition
measured in the soybean canopy was significantly greater at the top position when compared to
all other positions (Table 1.8). Deposition was reduced from the top position to 15 cm
downward. Again, a reduction in the level of deposition when moving from 15 cm to 30 cm.
However, there were no differences in deposition between the position located 30 cm downward
from the top and the position located 45 cm downward from the top (Table 1.8). Data from both
studies support findings from Wolf and Bretthauer (2008) who also observed differing levels of
deposition inside a crop canopy. Results from this study may have varied if wind speed was
greater at the time of application, or if deposition could have been measured on an actual leaf
surface instead of a mylar card.
1.6

Conclusions
Although interactions were present in the cotton field study between the herbicide

combinations and the type of deposition aid, the use of deposition aids should be determined on a
case by case scenario. In several instances, total deposition decreased when a deposition aid was
combined with the herbicide treatment. Furthermore, the use of a deposition aid was not
observed to produce an advantage in level of deposition measured in the soybean crop canopy.
Herbicide combination proved to have a greater effect on the level of deposition. In both
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laboratory studies, the addition of a deposition aid affected all droplet size parameters. However,
at no point in time in either field study was the utilization of a deposition aid observed to have a
positive impact on the level of canopy penetration. Recommending the use of deposition aids
with products in these situations could have a negative impact on a grower’s profit margin.
However, under different environmental conditions the utility of deposition aids could prove to
have a positive impact on the level of canopy penetration observed in the field.
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Table 1.1

Analysis of variance and associated P values for herbicide(s), deposition aids, and
position in the canopy for RFUA values in the cotton field study.

Effect
Herbicide
Deposition Aid
Position
Herbicide*Deposition Aid
Herbicide*Position
Deposition Aid*Position
Herbicide*Deposition Aid*Position
Data were pooled over year
A
Relative Fluorescence Unit
B
Degrees of Freedom

D.F.B
4
3
3
12
12
9
36
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RFU
P values
<0.0001
0.78
<0.0001
<0.0001
0.07
0.90
0.97

Table 1.2

Interaction of herbicide(s) and deposition aids on relative fluorescence units (RFU)
when applied to cotton.

Herbicide combinations
glyphosate + dicamba

Deposition Aid
RFU
Alone
1273 ghij
Oil
2339 ab
Polymer
2000 bcde
Guargum
1796 cdefg
glyphosate + 2,4-D choline
Alone
1308 ghij
Oil
1446 fghij
Polymer
1055 j
Guargum
1126 ij
glufosinate + dicamba
Alone
1780 defg
Oil
2271 abcd
Polymer
2219 abcd
Guargum
2202 abcd
glyphosate + dicamba +
Alone
2514 a
acetochlor
Oil
1200 hij
Polymer
1922 bcdef
Guargum
2309 abc
glyphosate + dicamba + S Alone
1675 efgh
metolachlor
Oil
1381 ghij
Polymer
1793 defg
Guargum
1600 efghi
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
Relative fluorescence units pooled across four positions located in two different locations in each
plot within the crop canopy
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Table 1.3

Effect of card position inside the crop canopy on relative fluorescence units (RFU)
when applied to cotton.

Position
RFU
Top
2345 a
15 cm downward
1616 b
30 cm downward
1707 b
46 cm downward
1374 c
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
Data were pooled over herbicide(s), deposition aids, stand, and year
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Table 1.4

Analysis of variance and associated P values for droplet size parameters of herbicide(s) and deposition aids applied to
cotton.
D.F. A

DV0.1B

DV0.5C

DV 0.9D

R.S.E

%<150µmF

Herbicide

4

≤0.0001

≤0.0001

≤0.0001

≤0.0001

≤0.0001

Deposition Aid

3

≤0.0001

≤0.0001

≤0.0001

≤0.0001

≤0.0001

Herbicide*Deposition Aid
12
≤0.0001
≤0.0001
≤0.0001
Degrees of Freedom
B
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
D
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter
E
Relative Span
F
% of droplets < 150 µm

≤0.0001

≤0.0001

Effect

A
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Table 1.5

Effect of herbicide combination and deposition aid on DV0.5, DV0.1, DV0.9, relative span and % < 150 µm, inside the wind tunnel
for treatment combinations used in cotton field study in 2014 and 2015.

DV0.5B
DV 0.9C
________________________
µm
glyphosate + dicamba
154
m
Alone
337 m
566 ij
174 j
Oil
346 l
564 ijk
240 f
Polymer
532 f
848 e
304 c
Guargum
660 c
1031 b
glyphosate + 2,4-D choline
194 h
Alone
357 k
551 k
187 i
Oil
356 k
565 ij
215 g
Polymer
457 i
781 g
310
b
Guargum
675 b
1081 a
glufosinate + dicamba
121 p
Alone
289 p
519 l
146 o
Oil
326 n
553 jk
217 g
Polymer
476 h
802 f
365 a
Guargum
728 a
1093 a
glyphosate + dicamba + acetochlor
164 k
Alone
348 l
568 i
173 j
Oil
345 l
564 ijk
215 g
Polymer
484 g
808 f
267 d
Guargum
599 d
985 c
glyphosate + dicamba + S 150 n
Alone
316 o
513 l
metolachlor
158 l
Oil
313 o
495 m
197 h
Polymer
447 j
763 h
251
e
Guargum
569 e
966 d
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
A
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
B
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter
D
Relative Span
E
% of droplets < 150 µm
Herbicide combinations

Deposition Aid

DV0.A1

R.S.D

________________________
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1.22 e
1.13 i
1.14 ghi
1.1 j
1.00 l
1.06 k
1.24 cde
1.14 ghi
1.38 a
1.25 bcd
1.23 de
1.00 l
1.16 g
1.13 hi
1.23 de
1.20 f
1.15 gh
1.08 jk
1.26 b
1.27 bc

%<150µmE
%
9.37 c
6.33 g
2.90 m
1.36 p
4.35 i
5.08 h
3.3 l
1.13 q
15.58 a
10.57 b
3.61 k
0.58 r
7.75 f
6.46 g
4.00 j
1.99 o
9.98 b
8.49 e
4.94 h
2.53 n

Table 1.6

Analysis of variance and associated P values for herbicide(s), deposition aids, and
position in the canopy for relative fluorescence unit (RFU) values for applications
made to soybean.
D.F.A

Effect
Herbicide
Deposition Aid
Position
Herbicide*Deposition Aid
Herbicide*Position
Deposition Aid*Position
Herbicide*Deposition Aid*Position
Data were pooled over year
A
Degrees of Freedom
Table 1.7

4
3
3
12
12
9
36

RFU
P values
0.0008
0.06
<0.0001
0.23
0.71
0.32
0.85

Effect of herbicide(s) on relative fluorescence units (RFU) when applied to
soybean.

Herbicide(s)
RFU
glufosinate + dicamba
1513 ab
glufosinate + 2,4 – D choline
1291 b
glyphosate + fomesafen
1392 b
glufosinate + fomesafen
1291 b
glyphosate + dicamba + fomesafen
1788 a
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
Data were pooled over position, deposition aid, stand, and year
Table 1.8

Effect of card position inside the crop canopy on relative fluorescence units (RFU)
when applied to soybean.

Position
RFU
Top
2343 a
15 cm downward
1752 b
30 cm downward
933 c
46 cm downward
792 c
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
Data were pooled over herbicide(s), deposition aids, stand, and year
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Table 1.9

Analysis of variance and associated P values for droplet size parameters of herbicide(s) and deposition aids applied to
soybean.
D.F. A

DV0.5

DV0.1

DV 0.9

R.S. B

%<150µmC

Herbicide

4

≤0.0001

≤0.0001

≤0.0001

≤0.0001

≤0.0001

Deposition Aid

3

≤0.0001

≤0.0001

≤0.0001

≤0.0001

≤0.0001

12

≤0.0001

≤0.0001

≤0.0001

≤0.0001

≤0.0001

Effect

Herbicide*Deposition Aid
Degrees of Freedom
B
Relative Span
C
% of droplets < 150 µm
A
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Table 1.10

Effect of herbicide combination and deposition aid applied to soybean field study on DV0.1, DV0.5, DV0.9, relative span
(R.S.), % droplets < 150 µm inside the wind tunnel in 2014 and 2015.

Herbicide combinations

Deposition Aid

glufosinate + dicamba

Alone
Oil
Polymer
Guargum
Alone
Oil
Polymer
Guargum
Alone
Oil
Polymer
Guargum

glufosinate + 2,4-D choline

glufosinate + fomesafen

glyphosate + fomesafen

glyphosate + dicamba +
fomesafen

Alone
Oil
Polymer
Guargum
Alone
Oil
Polymer
Guargum

DV0.1A

DV0.5B
DV 0.9C
________________________
µm ________________________
121 p
289 o
519 k
146 m
326 k
553 j
217 g
476 g
802 f
365 a
728 a
1093 a
133 o
310 l
542 j
135 o
304 mn
500 lm
179 j
407 j
700 i
352 b
705 b
1068 b
120 p
281 p
489 m
121 p
286 op
495 lm
195 i
432 i
723 h
334 c
689 c
1072 b
158 l
326 k
543 j
163 k
321 k
524 k
228 f
497 f
823 e
292 d
647 d
1025 c
139 n
300 n
496 lm
147 m
310 lm
505 l
202 h
443 h
739 g
264 e
588 e
982 d

Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
A
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
B
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter
D
% of droplets < 150 µm
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1.38 a
1.25 d
1.23 de
1.00 l
1.32 b
1.20 efg
1.28 c
1.01 l
1.31 b
1.31 b
1.22 de
1.07 k

%<150µmD
%
15.58 b
10.57 e
3.61 k
0.58 p
12.75 c
12.55 c
6.35 h
0.66 p
16.29 a
15.81 b
5.06 i
0.92 o

1.18 gh
1.12 j
1.20 efg
1.13 ij
1.19 fg
1.16 hi
1.21 ef
1.22 de

8.44 f
7.47 g
2.97 l
1.50 n
12.00 d
10.56 e
4.53 j
2.09 m

R.S.
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CHAPTER IIError! Bookmark not defined.
EFFECTS OF DEPOSTION AIDS ON CANOPY DEPOSITION WITH COMMONLY USED
INSECTICIDES IN COTTON AND SOYBEAN
2.1

Abstract
The goal of crop protection is to reduce the population of the pest that causes damage to

the harvestable portion of the crop. However, this theory has been modified to not only reduce
the population of the targeted pest, but to do so in the most efficient manner possible due to
pesticide application cost. Therefore, this study was initiated to evaluate how deposition aids
effect canopy deposition of insecticides in cotton and soybean. Laboratory studies were also
conducted in a wind tunnel to evaluate how these deposition aids affected spray droplet size.
Studies were conducted in 2014 and 2015. Insecticides used in cotton were acephate @ 0.84 kg
ai ha-1, lambda – cyhalothrin @ 0.02 kg ai ha-1, and novaluron @ 0.04 kg ai ha-1. Each
insecticide was applied alone or in combination with the following deposition aids supplied by
Helena Chemical Company: HM 9679A (oil) @ 1% v/v, HM 1428 (polymer) @ 0.5 % v/v, or
HM 9733 (guargum) @ 30 g/38 L of water. Two additional tank additives were also evaluated
including glyphosate at 1.1 kg ae ha-1 and glufosinate @ 0.6 kg ai ha-1. Soybean insecticides
included acephate and lambda-cyhalothrin which were applied at the previously mentioned rates
as well as methoxyfenozide applied at 0.105 kg ai ha-1. HM 9679A, HM 1428, and HM 9733
were included at the previously mentioned rates with each insecticide. A fluorescing red tracer
dye was added to all treatments at 0.2% v/v in order to evaluate deposition throughout the plant
canopy. The inclusion of a deposition aid did not affect deposition measured in RFUs when
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acephate was applied in the field. Data suggest than acephate should be applied to cotton or
soybean alone due to the lack of increase in RFUs when measuring across positions inside the
crop canopy. Deposition of lambda-cyhalothrin in cotton was maximized with applications
containing the polymer or the guargum deposition aid when compared to applications of lambdacyhalothrin alone. In contrast, combinations containing lambda-cyhalothrin with guargum
performed as well as applications of lambda-cyhalothrin alone with respect to canopy deposition
in soybean. When applications containing novaluron were applied in the field, the greatest RFUs
measured with the addition of a deposition aid were only as good as those of applications of
novaluron alone. When methoxyfenozide was applied to soybean, the use of an oil or a guargum
reduced canopy deposition when compared to application of the insecticide alone.
2.2

Introduction
As much as one-third of all foliar pesticide applications can be lost to the soil during an

application (Himel, 1974). This phenomenon is referred to as ‘endo-drift’ to differentiate it from
off-target movement outside the treated area. Even when spray is deposited onto the crop
canopy, the liquid can be washed off by rain events or overhead irrigation. Courshee (1960)
estimated that 80% of the total insecticide applied to plants may eventually reach the soil. The
loss of insecticide may cause growers to increase the dosage of the insecticide and re-apply the
insecticide if the washoff event occurs soon after the application.
Droplets produced during an insecticide application are collected on insects and or plant
material by sedimentation or impaction (Johnstone, 1985). Although the goal of an insecticide
application is for the spray droplet to land on the insect or the plant in such a manner that the pest
must come in contact, this is not always the case. Brunskill (1956) observed that droplets < 150
µm lacked the kinetic energy to overcome the surface energy and viscous changes and would not
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bounce when landing on a pea [Pisum sativum (L.)] leaves. Conversely, he also found that
droplets >200 µm have so much energy when falling from the application site that they shatter
on impact. Courshee (1967) observed that increasing application volume does not necessarily
increase spray coverage. Increased application volume may deposit more pesticide on the most
prevalent or exposed areas; however, very little change was observed inside the crop canopy or
on the underside of leaves. MacIntrye-Allen et al., (2007) also attempted to increase coverage of
insecticide applications by increasing the spray volume. Results indicate a reduction in the level
of coverage measured using a fluorescent tracer on onion [Allium Cepa (L.)] leaves. Distribution
of pesticides with a vertical boom did not have a significant impact on cotton [Gossypium
hirsutum (L.)] yield when the concentration of the spray volume increased. However, yield was
significantly decreased when the dosage applied was less than recommended (Matthews and
Tunstall, 1966). Matthews and Tunstall, (1966) observed that this reduction was because of
weathering and dilution of the spray due to the growth of the plant.
Holloway et al., (2000) confirmed that tank mix additive adjuvants can influence
application efficiency delivery. However, effects depended on the formulation type and the
concentration present in the spray solution. Moreover, none of these applications were made with
a pesticide in the solution and retention was measured on plant material grown in a greenhouse
setting. Butler Ellis et al., (1997,1999) observed that blank pesticide ECs applied in conjunction
with adjuvants can influence atomization and spray quality. Retention enhancement from the use
of adjuvants has also been observed; however, only at high dilution rates (Hall et al., 1997).
The goal of crop protection is to reduce the population of the stage a given pest that
causes direct damage to the harvestable portion of the crop (Graham, 2014). However, this
theory has been modified to not only reduce the population of the targeted pest but to do so in the
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most efficient manner possible due to the pesticide application cost. The lack of quantitative data
associated with the performance of current deposition aids in combination with insecticides lead
to the initiation of this study. Deposition aids may increase canopy coverage as well as
penetration of insecticides. However, current literature commonly uses blank EC formulations or
water instead of the actual formulations. Therefore, the objective of this study was to quantify
differences in crop canopy penetration with commonly used in insecticides applied in
combination with deposition aids in cotton and soybean [Glycine max (L.) Merr.].
2.3

Materials and Methods
Experiments where be conducted in 2014 and 2015 at the R. R. Foil Plant Science

Research Center at Starkville, MS and the Black Belt Branch Experiment Station in Brooksville,
MS. Cotton and soybean were planted on conventionally tilled beds spaced 96 cm apart.
Insecticide applications were made to 61 cm tall cotton and soybean using a Bowman
Mudmaster (Bowman Manufacturing, Newport, Arkansas) equipped with AIXR 110015 spray
nozzles calibrated to deliver 138 L ha-1 at 386 kpa. Applications were made 46 cm above the
crop canopy with wind speed remaining at or below 8 kph.
Metal stands were constructed and utilized for these experiments. Measuring 61 cm in
height, each stand was made up of square tubing serving as the main beam with metal
cardholders located on each of the four sides of the square tubing. Cardholders were spaced
equidistantly downward on the vertical axis with the first position being located at the top of the
canopy, the second was 15 cm downward from the top position, the third was 30 cm downward
from the top position, and the fourth was 45 cm downward from the top position. Cardholders
were positioned in a spiral manner down the main beamin order to capture spray deposition
throughout the plant canopy. Stands were placed in rows two and three of each four row plot.
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The stand in row two was located at one end of the plot and the stand in row three was at the
opposite end of the plot. One stand was placed in the row in a manner to which the bottom most
position was perpendicular to the row. The other stand was placed in a manner to which the
bottom most position was directly in line with the crop.
Mylar cards (Grafix, Maple Heights, Ohio) measuring 10 cm by 10 cm were utilized to
capture deposition. A card was placed at each position on the stand and held securely using a
small paper clip. Cards were never handled with bare skin to minimize contamination. Every
individual handling the cards used a fresh pair of latex gloves to remove each individual card.
Two separate yet similar experiments were conducted. One of which was in cotton and
the other in soybean. Cotton cultivar Deltapine 1321 B2RF was planted at a seeding rate of
111,150 seeds ha-1 and a planting depth of 2 cm and was seeded on 08 May 2014 and 03 May
2015. Cotton seed was treated with Acceleron N (Thiamethoxam + Pyraclostrobin + Ipconazole
+ Abamectin) (Monsanto Company, St. Louis, Missouri). The soybean cultivar used in both
years of testing was Asgrow 5332 and was seeded at a rate of 333,450 seeds ha -1 and was planted
at depth of 3.8 cm and was seeded on 29 May 2014 and 27 May 2015 at both locations. Both
experiments were conducted using a factorial arrangement of treatments within a randomized
complete block design. In each crop, insecticides and deposition aids were evaluated. Cotton
insecticides included: acephate (Orthene® 97, Amvac Chemical Corporation, Collierville, TN) @
0.84 kg ai ha-1, lambda – cyhalothrin (Karate®, Syngenta Crop Protection, Greensboro, North
Carolina) @ 0.02 kg ai ha-1, and novaluron (Diamond®, Adama, Raleigh, North Carolina) @
0.04 kg ai ha-1. Each insecticide was applied alone or in combination with the following
deposition aids supplied by Helena Chemical Company: HM 9679A (oil) @ 1% v/v, HM 1428
(polymer) @ 0.5 % v/v, or HM 9733 (guargum) @ 30 g/38 L of water. Two additional tank
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additives were also evaluated including glyphosate (Roundup Powermax®, Monsanto Company,
St. Louis, Missouri) at 1.1 kg ae ha-1 and glufosinate (Liberty® 280 SL, Bayer CropScience,
Durham, North Carolina) @ 0.6 kg ai ha-1. Soybean insecticides included acephate and lambdacyhalothrin applied at previously mentioned rates as well as methoxyfenozide (Intrepid® 2F,
Dow AgroSciences LLC, Indianapolis, Indiana) applied at 0.105 kg ai ha-1. HM 9679A, HM
1428, and HM 9733 were included at the previously mentioned rates with each insecticide
applied to soybean. A fluorescing red tracer dye (Cole-Parmer, Vernon Hills, Illinois) was added
to all treatments at 0.2% v/v in order to evaluate deposition throughout the plant canopy.
Prior to application, mylar cards were placed on all stand positions. Once the application
had been made to a given plot, spray solution was allowed to dry for 90 seconds after which time
cards were collected immediately due to high photo degradability of the fluorescing dye. Cards
were placed in a pre-labeled plastic bag and immediately placed in a dark container. At the end
of each study, containers were placed in cold storage at 3° C and subsequently delivered to the
University of Nebraska - West Central Research and Extension Center in North Platte, NE.
Deposition on each mylar card was analyzed using a fluorimeter (Trilogy Laboratory
Fluorometer, turner Designs, Sunnyvale, CA 94085). Fluorometry analysis was conducted by
placing 40 ml of a deionized water and alcohol solution in the bag with the card using a bottle
top type dispenser (Model 6000-BTR LabSciences, Inc, Reno, NV 89510). Once solution was in
the bag, the card was scrubbed and agitated from the outside of the bag while wearing latex
gloves to remove the application solution and dye from the card. After scrubbing a 2 ml sample
was taken and placed in a cuvette. The cuvette was then placed in a rhodamine/phcoenythrin
module inside a fluorometer. Fluorescense data were collected at 3 C. Additionally, samples

37

were further diluted to bring RAW fluorescense unit readings within a known response range of
the calibrated fluorometry system.
After pesticides and deposition aids were mixed and prior to application, a 180 ml sample
was collected from each treatment and placed in a dark container, stored in cold storage at 3° C,
and subsequently delivered to the University of Nebraska – West Central Research and
Extension Center in North Platte, NE. Droplet size analysis was conducted on samples using a
wind tunnel facility that provides a constant wind speed of 24 kph with wind that was directed in
a laminar manner. Creech et al. (2015) and Henry et al., (2014) both provide more in-depth
details in regard to the wind tunnel. All pesticides and deposition aids were applied through a
single nozzle (AIXR 110015) calibrated to deliver 138 L ha-1 @ 386 kpa. A diffracting laser
system was utilized to collect three droplet size measurements for each spray solution. Droplet
size was determined by measuring the level of light that is diffracted by the spray droplet as the
spray pattern moved downward across the laser beam.
Because of differences associated with plant architecture, data from cotton and soybean
were analyzed separately. Data were analyzed using SAS 9.4 (SAS Institute, Cary, NC 27513).
Data were analyzed using the PROC GLIMMIX procedure and means were separated using
Fischer’s protected LSD of α = 0.05. Data were pooled across site years as year was not
significant for any measured parameter. Stand had no impact on the level of deposition;
therefore, data from each stand were pooled to determine a more absolute value for deposition
within the crop canopy.
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2.4
2.4.1

Results
Cotton Field Study
An interaction among insecticide and deposition aid was present for relative fluorescence

units (RFU) measured across stand positions (Table 2.1). Because of the interaction, insecticides
were anyalyzed independently for deposition aid (Table 2.2). There were no differences due to
deposition aid or herbicide in total deposition when acephate was applied. Relative fluorescence
units ranged from 1409-1841 for all treatments containing acephate (Table 2.2).
Total deposition of lambda-cyhalothrin was maximized when applied with a polymer or
guargum deposition aid. Total RFU values ranged from 1281-2793 (Table 2.2). Reduced total
deposition of lambda-cyholthrin was observed when applied with no deposition aid as well as
when applied with an oil deposition aid, glyphosate or glufosinate.
Total deposition of novaluron was maximized when applied alone or in conjunction with
an oil or guargum deposition aid as well as with glufosinate (Table 2.2). Total RFU values from
these treatments ranged from 957 to 1832.
Mylar card position within the cotton canopy impacted RFUs measured when pooled
over insecticide or additive (Table 2.1). Deposition was greater at the top of the canopy when
compared to all other positions (Table 2.3). Deposition 15 cm downward from the top of the
canopy was greater than deposition 30 cm and 45 cm downward from the top of the canopy. No
differences in deposition were observed at 30 cm and 45 cm from the top of the canopy. Relative
fluorescence units measured at the top of the canopy, 15 cm downward from the top, 30 cm
downward from the top and 45 cm downward from the top were 2576, 1808, 1320, and 1163,
respectively. Deposition aid nor insecticides impacted deposition at each position suggesting that
neither deposition aid nor insecticide increased the level of canopy penetration (Table 2.1).
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2.4.2

Laboratory portion of cotton field study
An insecticide by deposition aid affect was present for DV0.1, DV0.5, DV0.9, relative span,

and percentage of droplets produced < 150 µm (Table 2.4). DV0.1 defines the droplet size in
which 10% of the spray volume is of a lesser droplet diameter. DV0.5 defines the droplet size of
which 50% of the droplet spectrum is smaller or greater in size. DV0.9 defines the droplet size in
which 90% of the droplets are smaller. Relative span is a dimenionless response variable that
provides a measure of the spray droplet distribution homogeneity. While differences were
present for DV0.1, DV0.5, and DV0.9 among insecticides and deposition aid/herbicides, some
trends are apparent. The addition of an oil deposition aid to acephate reduced DV0.1, DV0.5, and
DV0.9 values (Table 2.5). However, addition of an oil deposition aid to lambda-cyhaolthrin and
novaluron resulted in similar DV0.5 and DV0.9 values as when each insecticide was applied alone.
Addition of an oil deposition aid to lambda-cyhalothrin or novaluron resulted in DV0.1 values
that were reduced compared to lambda-cyhalothrin applied alone and increased compared to
novaluron applied alone (Table 2.5).
The addition of a polymer or guargum deposition aid to acephate, lambda-cyhalothrin,
and novaluron increased DV0.1, DV0.5, and DV0.9 values compared to when each product was
applied alone or tank-mixed with an oil deposition aid (Table 2.5). The addition of glyphosate to
acephate, lambda-cyhalothrin and novaluron resulted in DV0.1 except acephate with oil compared
to glyphosate with acephate and DV0.5 values smaller than those observed when each insecticide
was applied alone or tank mixed with a deposition aid. The addition of glufosinate to each
insecticide resulted in the smallest DV0.1, DV0.5, and DV0.9 values observed. The addition of
glyphosate to acephate and lambda-cyhalothrin resulted in DV0.9 values similar to those observed
when each insecticide was applied alone. Furthermore, the addition of glyphosate to novaluron
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resulted in DV0.9 values smaller than those observed when novaluron was applied alone or with
any deposition aid (Table 2.5).
Relative span of spray droplets ranged from 0.96 -1.37 depending on products (Table
2.5). No differences in relative span were present when acephate or lambda-cyholathrin were
applied alone or in combination with an oil deposition aid. Relative span of droplets from
acephate or lambda-cyhaolthrin alone or in combination with the oil deposition aid were 1.07,
0.96, 1.08, and 0.98, respectively. Addition of the polymer or guargum deposition aid to
acephate, lambda-cyhalothrin, or novaluron increased relative span of droplets compared to each
insecticide applied alone or in combination with the oil deposition aid (Table 2.5). The addition
of glyphosate to acephate resulted in increased relative span values compared to acephate applied
alone or with an oil deposition aid. Howver, relative span values observed following acephate +
glyphosate application were similar to those observed following application of acephate with a
guargum deposition aid (Table 2.5).
The addition of glyphosate to lambda-cyholthrin resulted in relative span values greater
than when lambda-cyholthrin was applied alone or with an oil deposition aid but smaller than
those observed when lambda-cyhaolthrin was applied with a polymer or guargum deposition aid
(Table 2.5). The addition of glyphosate or glufosinate to novaluron resulted in relative span
values greater than those observed when novaluron was applied alone or with any deposition aid.
Furthermore, the addition of glufosinate to acephate or lambda-cyholthrin resulted in relative
span values greater than those observed when each insecticide was applied alone or in conjuction
with any deposition aid or glyphosate (Table 2.5).
The greatest % of droplets less than 150 µm produced with all insecticides occured when
insecticides were tank mixed with glufosinate. Applications of acephate, lambda-cyhalothrin, or
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novaluron tankmixed with glufosinate resulted in 15.5%, 12.1%, and 13.7% droplets less than
150 µm, respectively. In addition, glyphosate tank mixed with acephate, lambda-cyhalothrin or
novaluron increased the % of droplets less than 150 µm produced compared to each insecticide
applied alone or in conjunction with a deposition aid.
The addition of an oil, polymer, or guargum deposition aid to acephate or novaluron each
resulted in incrementally less droplets less than 150 µm produced. However, tank mixing an oil
deposition aid with lambda-cyhalothrin produced similar % of droplets < 150 µm as when
lambda-cyhalothrin was applied alone. In addition, adding a polymer or guargum deposition aid
to lambda-cyhalothrin resulted in similar levels of droplets < 150 µm produced. Percent of
droplets less than 150 µm produced when lambda-cyhalothrin was tank mixed with a polymer or
guargum deposition aid were less then when applied alone or with an oil deposition aid (Table
2.5).
2.4.3

Soybean Field Study
An interaction was present between insecticide and deposition aid for the level of RFUs

when pooled over card position in the soybean canopy (Table 2.6). Application of acephate alone
or with a polymer deposition aid resulted in similar total deposition within the soybean canopy
(Table 2.7) Applications of methoxyfenozide alone or with a polymer or guargum deposition aid
resulted in similar total deposition within the soybean canopy. In addition, application of
lambda-cyhalothrin alone or tankmixed with a polymer or guargum deposition aid produced
similar total deposition with RFU values ranging from 1903 to 2484. Acephate applied with an
oil or guargum deposition aid resulted in similar total deposition with RFU values of 817 and
601, respectively (Table 2.7). Methoxyfenozide applied alone or with an oil or guargum
deposition aid resulted in similar total deposition with RFU values ranging from 1533-2071.
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Application of lambda-cyholthrin with an oil or polymer deposition aid resulted in similar total
deposition at 1524-1903 RFU. Total RFUs observed from these applications were less than those
observed when lambda-cyholthrin was applied with guargum and similar to when lambdacyholthrin was applied alone (Table 2.7).
Card position inside the soybean canopy impacted RFU values (Table 2.6). Pooled over
insecticide and deposition aid, the greatest level of deposition observed was at the top of the
canopy. Relative fluorescence units measured at the top of the canopy were greater than those
observed at all other position inside the canopy (Table 2.8). Relative fluorescence units measured
15 cm downward from the top of the canopy were greater compared to those observed 30 cm and
45 cm downward from the top of the canopy. However, no differences in RFUs were observed
from cards placed 30 cm and 45 cm downward from the top of the soybean canopy (Table 2.8).
Relative fluorescence units measure at the top of the canopy, 15 cm downward, 30 cm
downward, and 45 cm downward from the top of the canopy were 2766, 1821, 1130, and 1094,
respectively. No interaction was present between card position, insecticide or deposition aid.
This would suggest that none of the insecticides or deposition aids impacted penetration within
the canopy more than another.
2.4.4

Laboratory portion of soybean field study
The droplet size parameters of DV0.1, DV0.5, DV0.9, relative span, and % of droplets < 150

µm produed were affected by an interaction between insecticide and deposition aid (Table 2.9).
The addition of an oil deposition aid to acephate resulted in DV0.1, DV0.5, and DV0.9 values
smaller than when acephate was applied alone (Table 2.10). However, when an oil deposition aid
was applied with lambda-cyholthrin or methoxyfenozide, similar DV0.1, DV0.5, and DV0.9 values
were observed as when each insecticide was applied alone. The addition of a polymer or
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guargum deposition aid to acephate, lambda-cyhalothrin, or methoxyfenozide produced DV0.1,
DV0.5, and DV0.9 values greater than each insecticide applied alone or when applied with an oil
deposition aid. Furthermore, when acephate, lambda-cyholthrin, or methoxyfenozide were
applied with a guargum deposition aid, DV0.1, DV0.5, and DV0.9 values were maximized
compared to each insecticide applied alone or with an oil or polymer deposition aid (Table 2.10).
In addition, DV0.1 values were similar when acephate or methoxyfenozide was applied with a
guargum deposition aid (Table 2.10).
Application of acephate, lambda-cyhalothrin, or methoxyfenozide with an oil deposition
aid resulted in contradicting results with respect to relative span of spray droplets (Table 2.10).
Relative span of acephate droplets when an oil deposition aid was included was similar to the
relative span of spray droplets from acephate alone. However, addition of an oil deposition aid to
lambda-cyholthrin and methoxyfenozide increased and decreased, respectively, relative span of
spray droplets produced. Addition of a polymer or a guargum deposition aid to all insecticides
increased relative span of spray droplets compared to each insecticide applied alone or tank
mixed with an oil deposition aid. In addition, relative span of spray droplets from
methoxyfenozide application was maximized when applied with a polymer deposition aid.
Relative span of spray droplets produced from application of acephate and lambda-cyhalothrin,
was maximized when each was applied with a guargum deposition aid.
The % of spray droplets <150 µm produced was increased when acephate and lambdacyhaolthrin were applied with an oil deposition compared to when applied alone (Table 2.10).
However, % of spray droplets produced <150 µm from methoxyfenozide application was
reduced when applied with an oil deposition aid compared to when applied alone. Application of
acephate, lambda-cyhalothrin, and methoxyfenozide with a polymer deposition aid produced less
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droplets <150 µm in size compared to each product applied alone or with an oil deposition aid.
In addition, a further reduction in droplets produced <150 µm in size was observed when
acephate, lambda-cyhalothrin, and methoxyfenozide was applied with a guargum deposition aid.
Lambda-cyhalothrin applied with a polymer or guargum deposition aid resulted in similar % of
droplets <150 µm in size (2.6-2.8%). However, % spray droplets <150 µm in size from these
applications was less than when lambda-cyhalothrin was applied alone or with an oil deposition
aid (Table 2.10).
2.5

Discussion
Regardless of the effect that deposition aid had on the droplet size parameters of

insecticides used in the cotton field study, deposition aid did not affect deposition when acephate
was applied in the field (Table 2.2 & 2.5). Application of acephate with the polymer deposition
aid in the soybean field study resulted in similar deposition to that of acephate alone regardless
of the deposition aid effect on droplet size (Table 2.7 & Table 2.9). These data suggest than
acephate should be applied to cotton or soybean alone due to the lack of increase depostion when
measuring across positions inside the crop canopy.
Deposition of lambda-cyhalothrin in cotton was maximized with applications containing
the polymer or the guargum deposition aid when compared to applications of lambda-cyhalothrin
alone in cotton (Table 2.2). Both combinations produced droplets that were greater in size, had a
higher relative span and the least percentage of droplets < 150 µm (Table 2.5). These data
suggest that when making applications of lambda-cyhalothrin that a guargum deposition aid
should be used in cotton. Increased canopy deposition when applying lambda cyhalothrin could
be associated with the increased droplet size However, further research is needed to verify this
hypothesis. Additionally, increased relative span suggests that with both combinations, that most
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efficient droplet size for canopy deposition was attained. In contrast, combinations containing
lambda-cyhalothrin with the guargum only performed as well as applications of lambdacyhalothrin alone with respect to canopy deposition in soybean. Applications containing the
polymer or the oil deposition aids decreased deposition measured in RFUs compared to the
aforementioned treatment combinations containing lambda-cyhalothrin in soybean. (Table 2.7).
Changes in droplet size parameters observed in the wind tunnel with treatment combinations
applied in the soybean field study did not affect the level of canopy penetration (Table 2.7 &
Table 2.10).
When applications containing novaluron were applied in the field, the greatest RFUs
measured with the addition of a deposition aid were only as good as those of applications of
novaluron alone (Table 2.2 & Table 2.5). Lambda-cyhalothrin and novaluron are both
formulated as emulsifiable concentrates. This commonality could suggest that the level of
deposition measured in cotton could be associated with the interaction of the deposition aid with
ingredients contained within the formulation rather than the formulation type. Additionally, in
the case of applications containing lambda-cyhalothrin, the addition of a guargum increased the
level of deposition when compared to applications of the insecticide alone. Application of
novaluron with the addition of the guargum deposition aid produced similar deposition to that of
applications of novaluron alone. When making applications with an EC formulation, the addition
of a guargum deposition aid could maximize deposition in both crops.
When methoxyfenozide was applied to soybean, the greatest level of deposition was
observed when applied alone or with a deposition aid regardless of the effect observed on droplet
size parameters in the wind tunnel (Table 2.7 and 2.10). The use of an oil or a guargum reduced
canopy deposition when compared to application of the insecticide alone (Table 2.7 & 2.10).
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It is important to note that in both studies, there was never a time that an insecticide or a
deposition aid influenced the level of deposition measured at each position. Regardless of change
in droplet size parameters due to the addition of a deposition aid, RFUs at each position were
only influenced by that position’s location within the crop canopy rather than the treatment
combination used.
2.6

Conclusion
The addition of deposition aids impacted droplet size parameters. However, their effect

on the amount of deposition measured across positions inside the crop canopy differed by crop as
well as insecticide. Commonalities between both studies were present. In the case of applications
containing EC formulated insecticides, the addition of a guargum deposition aid tended to be as
least as good as the application of the insecticide alone. When the addition of a deposition aid is
warranted, and applying an EC formulated insecticide, the use of a guargum is reccommended.
Additionally, the use of any deposition aid with acephate applied to cotton resulted in deposition
similar to that of the insecticide alone. When acephate was applied in soybean, these data reflect
that the DV0.5 of the optimum droplet size could fall in range of 363-510 µm. When DV0.5 fell
outside this range, the level of deposition measured across positions decreased. Similarly, for
applications containing methoxyfenozide, the optimum droplet size for maximum deposition
measured inside the canopy had a DV0.5 of 347-468 µm. Once the DV0.5 was outside this range,
the level of canopy deposition decreased.
The use of deposition aids can influence the level of deposition measured but did not
affect canopy penetration. The amount of deposition measured was only affected by location
inside the crop canopy. Changes in all droplet size parameters in this study could not overcome
depth inside the canopy. If targeting an insect further into the canopy, the use of a deposition aid
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with any of the insecticides evaluated will not increase success rate. However, if applying an EC
formulated product, the use of a guargum deposition aid would be warranted.
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Table 2.1

Analysis of variance and associated P values for RFUA values measured for
applications made in cotton.
D.F.B

Effect
Insecticide
Deposition Aid
Position
Insecticide*Deposition Aid
Insecticide*Position
Deposition Aid*Position
Insecticide*Deposition Aid*Position
A
Relative Fluorescence Unit
B
Degrees of Freedom
Table 2.2

2
5
3
10
6
15
30

RFU
P values
<0.0001
0.0009
<0.0001
<0.0001
0.45
0.10
0.98

Effect of the interaction of insecticide(s) and deposition aids on relative
fluorescence units (RFU) when applied to cotton.

Insecticide
Acephate

Deposition Aid
RFU
Alone
1568 a
Oil
1545 a
Polymer
1409 a
Guargum
1678 a
glyphosate*
1543 a
glufosinate**
1841 a
Lambda-cyhalothrin
Alone
1281e
Oil
2266 bc
Polymer
2410 ab
Guargum
2793 a
glyphosate
1944 cd
glufosinate
1783 de
Novaluron
Alone
1832 a
Oil
1666 a
Polymer
1037 b
Guargum
1795 a
glyphosate
957 b
glufosinate
1560 ab
Means within a column within an insectide followed by the same letter are not significantly
different (α ≤ 0.05)
* Roundup Powermax
** Liberty 280 SL

49

Table 2.3

Effect of card position within the crop canopy on relative fluorescence units (RFU)
when applied to cotton.

Position
RFU
Top
2576 a
15 cm downward
1808 b
30 cm downward
1320 c
45 cm downward
1163 c
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
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Table 2.4

Analysis of variance and associated P values for droplet size parameters of insecticides(s) and deposition aids used in
field testing on 0.61 m cotton in 2014 and 2015.
D.F. A

DV0.1B

DV0.5C

DV 0.9D

R.S.E

%<150µm

Insecticide

2

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Deposition Aid

5

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Insecticide*Deposition Aid
10
<0.0001
<0.0001
<0.0001
Degrees of Freedom
B
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
D
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter
E
Relative Span

<0.0001

<0.0001

Effect

A
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Table 2.5

Insecticide

Effect of insecticide(s) and deposition aid on DV0.1, DV0.5, DV0.9, relative span (R.S.) and % < 150 µm, values for
treatment combinations used in cotton field study.
Deposition
Aid

DV0.1A

DV0.5B

DV 0.9C

µm ________________________
Acephate
Alone
183 i
363 g
570 g
Oil
157 l
316 k
500 j
Polymer
253 c
510 d
829 d
Guargum
294 a
611 b
1003 b
Glyphosate
163 k
350 hi
571 g
Glufosinate
121 p
290 m
506 j
LambdaAlone
193 g
356 h
535 hi
Cyhalothrin
Oil
189 h
353 h
536 hi
Polymer
230 e
467 e
793 e
Guargum
243 d
532 c
971 c
Glyphosate
176 j
342 j
534 hi
Glufosinate
137 n
308 m
507 j
Novaluron
Alone
166 k
341 j
542 h
Oil
176 j
345 ij
542 h
Polymer
198 f
431 f
707 f
Guargum
287 b
634 a
1020 a
Glyphosate
142 m
317 k
527 i
glufosinate
131 o
295 m
496 j
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
A
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
B
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter

R.S.

%<150µm

1.07 ij
1.08 hi
1.13 g
1.16 f
1.16 f
1.33 b
0.96 k
0.98 k
1.20 de
1.37 a
1.04 j
1.20 de
1.10 h
1.06 ij
1.18 ef
1.16 f
1.21 cd
1.24 c

%
6.24 h
8.59 e
2.41 j
1.44 k
8.10 f
15.53 a
4.40 i
4.84 i
2.80 j
2.60 j
6.12 h
12.14 c
7.48 g
6.14 h
4.67 i
1.49 k
11.34 d
13.67 b

________________________
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Table 2.6

Analysis of variance and associated P values for insecticide(s), deposition aids, and
position in the canopy for RFUA values for applications made in 2014 and 2015 in
the soybean field study.
D.F.B

Effect
Insecticide
Deposition Aid
Position
Insecticide*Deposition Aid
Insecticide*Position
Deposition Aid*Position
Insecticide*Deposition Aid*Position
A
Relative Fluorescence Unit
B
Degrees of Freedom
Table 2.7

2
5
3
10
6
15
30

RFU
P values
<0.0001
0.0008
<0.0001
0.02
0.18
0.61
0.56

Effect of the interaction of insecticide(s) and deposition aids on relative
fluorescence units (RFU) when applied to soybean

Insecticide(s)
Acephate

Deposition Aid
RFU
Alone
1265 ab
Oil
817 bc
Polymer
1731 a
Guargum
601 c
Lambda-cyhalothrin
Alone
2221 ab
Oil
1524 c
Polymer
1903 abc
Guargum
2484 a
Methoxyfenozide
Alone
2071 ab
Oil
1533 cd
Polymer
2428 a
Guargum
1853 bcd
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
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Table 2.8

Effect of card position within the soybean canopy on relative fluorescence units
(RFU) when applied to soybean.

Position
RFU
Top
2766 a
15 cm downward
1821 b
30 cm downward
1130 c
45 cm downward
1094 c
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
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Table 2.9

Analysis of variance and associated P values for droplet size parameters following application of insecticides(s) and
deposition aids in soybean.
D.F. A

DV0.1B

DV0.5C

DV 0.9D

R.S.E

%<150µm

Insecticide

2

<0.0001

<0.0001

<0.0001

0.0049

<0.0001

Deposition Aid

5

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Insecticide*Deposition Aid
10
<0.0001
<0.0001
<0.0001
Degrees of Freedom
B
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
D
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter
E
Relative Span

<0.0001

<0.0001

Effect

A
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Table 2.10

Effect of insecticide(s) and deposition aid on DV0.5, DV0.1, DV0.9, relative span (R.S.) and % < 150 µm, inside the
wind tunnel for treatment combinations used in soybean field study in 2014 and 2015.
Deposition
Aid

DV0.5B
DV 0.9C
________________________
µm ________________________
Acephate
Alone
183 f
363 f
570 g
Oil
157 h
316 i
500 h
Polymer
253 b
510 d
829 d
Guargum
294 a
611 b
1003 b
Lambda-cyhalothrin
Alone
193 e
356 fg
535 g
Oil
189 e
353 gh
536 g
Polymer
230 d
467 e
793 f
Guargum
243 c
532 c
971 c
Methoxyfenozide
Alone
174 g
347 h
543 g
Oil
178 fg
346 h
537 g
Polymer
226 d
468 e
797 e
Guargum
290 a
619 a
1017 a
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
A
Droplet diameter that 10% of the spray volume was contained in droplets < stated diameter
B
Droplet diameter that 50% of the spray volume was contained in droplets < stated diameter
C
Droplet diameter that 90% of the spray volume was contained in droplets < stated diameter
Insecticide(s)

DV0.1A
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R.S.
1.07 e
1.08 e
1.13 d
1.16 c
0.96 h
0.98 g
1.20 b
1.37 a
1.06 e
1.04 f
1.22 b
1.17 c

%<150µm
%
6.24 c
8.59 a
2.41 g
1.44 h
4.40 e
4.84 d
2.80 fg
2.60 g
6.72 b
6.00 c
3.03 f
1.46 h

2.7
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CHAPTER III
EFFECT OF DROPLET SIZE ON INSECTICIDE EFFICACY ON THRIPS (Frankliniella sp.)
IN COTTON [Gossypium hirsutum(L.)].
3.1

Abstract
Reduced thrips control from insecticide seed treatments has increased the need to

optimize control from foliar sprays. With the development of new technologies such as the
XtendTM and EnlistTM cropping systems, as well as subsequent nozzle requirements for
application, optimizing insecticide efficacy on thrips from foliar sprays is paramount. Three
similar, yet different studies were conducted in 2015 and 2016. Each experiment contained a
different insecticide including acephate, dimethoate, and spinetoram. Droplet sizes utilized in all
three experiments included 150 µm, 200 µm, 300 µm, 400 µm, and 500 µm. Data collection
consisted of thrips populations per five plants prior to application and three days after
application, visual thrips injury ratings, vigor rating, biomass 14 days after application, plant
growth and development measurements at first bloom and at the end of the season, and lint yield.
Analysis of covariance was used to analyze thrips numbers while analysis of variance was used
to analyze growth, development and yield parameters. Generalized additive models were
developed for each insecticide to determine the optimum droplet size for each insecticide. Year
impacted thrips populations at each site; therefore, years were analyzed separately. Thrips
control was maximized with acephate using 300 and 400 µm droplets at 3 DAT at Brooksville in
2016. Acephate applications using 400 µm droplets maximized thrips control at Starkville in
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2016. Droplet size did not impact thrips control using dimethoate. Spinetoram applied using 400
µm droplets reduced thrips numbers three DAA. There were no differences in thrips control from
spinetoram due to droplet size observed seven DAA. Generalized additive models revealed
similar findings to ANCOVA for control data three DAA. Lint yield following acephate
application impacted lint yield. Lint yield was maximized when acephate was appled at 400 and
500 µm droplets when compared to the untreated check.
3.2

Introduction
In 2015, thrips (Frankliniella sp.) were ranked as the number one pest in cotton

[Gossypium hirsutum (L.)] across the cotton belt with 2,682,263 hectares infested and 147,602
bales lost (Williams 2016). Although cotton has the potential to compensate for early season
thrips damage, high levels of thrips damage can result in yield loss (Roberts and Rechel, 1996;
Reed and Jackson 2002; Cook et al. 2011). Historically, thrips control has been attained through
the use of aldicarb or other in-furrow insecticides (Graham et al. 1995; Layton and Reed 2002,
Reed and Jackson 2002; Cook et al., 2011; Stewart et al. 2013). However, the production of
aldicarb was stopped in 2010 and only recently reintroduced. The use of neonicotinoid seed
treatments has become commonplace for thrips control (Stewart et al. 2013). However, a loss of
thrips control from the neonicotinoid seed treatment thiamethoxam was observed in 2012, with
80% of the acres in Mississippi receiving at least two supplemental applications for thrips control
in 2012 (Williams 2013). Thrips still ranked in the top five insect pests of cotton in Mississippi
in 2017 with over $28 million being spent to control this pest (Cook 2018).
The efficacy of a crop protection product is defined as the placement of sufficient active
ingredient to achieve a desired biological result with safety and economy (Hislop 1987).
Previous research suggests that smaller droplet sizes are more efficacious on insects (Bryant and
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Yendol 1988; Adams and Hall 1990). Smith and Luttrell (1987) observed that budworm
[Heliothis virescens (F.)] larvae mortality increased as spray droplet size decreased when
applications of vegetable oil and permethrin were applied. However, no differences in control
were observed when permethrin and water were applied. Similar results were observed by Omar
et al., (1991) who observed a lower LD50 on diamond back moth [Plutella xylostella (L.)] from
permethrin when droplet size decreased. Adams et al., (1990) performed a meta-analysis that
suggested the most efficient use of any pesticide is at its lowest recommended concentration
using the smallest droplet. However, it has also been observed that droplets can become too
small to deliver an effective dose (Van Frankenhuyzen and Payne 1993; Payne and Van
Frankenhuyzen 1995). Womac et al., (1994) observed that when a pest came in contact with an
insecticide applied using smaller droplet, that pest lived longer than a pest which came in contact
with a larger droplet. It has also been observed that insect pests typically attempt to avoid larger
droplets (Polles 1968). Coates et al., (1996) suggested that differences in insect control due to
nozzle types and subsequent spray droplet size as well as application method may be too great to
fully understand due to differences associated with the droplet deposition and insect mortality.
Weed control differences due to spray droplet size have been widely documented (Butts
et al. 2018; Creech et al. 2016; Meyer et al. 2016). The target for most insecticide applications in
cotton is the plant surface (Reed and Smith, 2001). It has been postulated by Smith and Luttrell
(1996) that literature concerning the relationship between insect pest control and spray variables
is lacking. Moreover, lack of control from insecticide seed treatments increases the need to
optimize insect control from foliar sprays. With the development of new technologies such as the
XtendTM and EnlistTM cropping system, and subsequent nozzle requirements for application,
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understanding efficacy from differing droplet sizes of commonly used insecticides for thrips is
needed.
3.3

Materials and Methods
Three experiments were conducted in 2016 and 2017 at the R.R. Foil Plant Science

Research Center in Starkville, MS and the Black Belt Branch Experiment Station located in
Brooksville, MS to evaluate the effect of spray droplet size on efficacy of acephate, dimethoate,
or spinetoram on thrips. Trials were conducted using a randomized complete block design with
each treatment replicated four times per site year. The carrier volume for each study was 140 L
ha-1 and five targeted droplet sizes (150, 200, 300, 400, and 500 µm) were evaluated for thrips
control with each insecticide. Each experiment also contained a nontreated control within each
replication for comparison purposes. All treatments were applied using a PinPoint® pulse-width
modulation (PWM) sprayer (Capstan Ag Systems, Inc. Topeka, KS). The insecticides acephate
(Orthene® 97, AMVAC Chemical Corporation, Collierville, TN), dimethoate (Dimethoate 4 E,
FMC Corporation, Philadelphia, PA), and spinetoram (Radiant® SC, Dow AgroSciences,
Indianapolis, IN) were evaluated and each represented its own respective experiment. Foliar
applications were made when cotton had between 2 -5 leaves and thrips infestation was at or
above the economic threshold of one adult thrip per plant with immatures present. Application
rates for acephate, dimethoate, and spinetoram were 0.28 kg ai ha-1, 0.01 kg ai ha-1, and 0.22 kg
ai ha-1, respectively. No additional adjuvants were utilized to eliminate confounding effects.
Deltapine 1518 B2XF (Monsanto Company, St. Louis, Missouri) was planted on 07 May
2016 and 09 May in 2017 at Starkville and 11 May 2016 and 09 May 2017 in Brooksville.
Cotton seed was left untreated in an attempt to maximize early season thrips pressure. Cotton
was seeded at a rate of 13.1 seeds meter of row-1 in all years testing. In 2016, 32% UAN was
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utilized and 2017 30-0-0-2.5 S was utilized. In both years, N was injected into the soil in a split
application with 56 kg N ha-1 applied at planting and 78 kg N ha-1 applied at the third week of
squaring at the Starkville location. In both years at the Brooksville location, N fertilizer was
applied in a single application at 134 kg N ha-1 the third week of squaring. All applications were
made using a ground driven knife applicator. Fertilizer in the form of P2O5 and K2O were applied
at each location based on soil test recommendations. Plots were scouted weekly at both locations
using appropriate methodology for weed and insect pests with pesticide, plant growth regulator,
and harvest aid applications applied based on Mississippi State University Extension service
recommendations (Catchot, 2017; Anonymous, 2017). Plots were maintained free of weeds
through hand weeding and herbicide applications. Plots were harvested on 10 October 2016 and
25 October 2017 in Starkville and on 27 October 2016 and 10 October 2017 in Brooksville.
Nozzle type, orifice size, and application pressure required to create each droplet size for
each insecticide were determined through measurements made using a Sympatec HELOSVARIO/KR laser diffraction system with the R7 lens (Sympatec Inc., Clausthal, Germany) in the
low-speed wind tunnel at the University of Nebraska West Central Reseach and Education
Center Pesticide Application Technology (PAT) Laboratory in North Platte, NE (Table 4.1).
Henry et al., (2014) and Creech et al., (2015) both provide detailed descriptions of the
construction and operation of the low speed wind tunnel at the PAT laboratory. Moreover, Butts
et al., (2017) provides an illustration for further clarification on the low speed wind tunnel.
Wilger Industries, Ltd. nozzles were used for all three experiments as only non-venturi nozzles
are recommended with PWM systems (Butts et al., 2017; CapStan Ag Systems Inc. 2013). Also,
all nozzle styles were similar (flat-fan, non-venturi, straight flow path). Spray classifications
were assigned in accordance with ASABE S572.1 and are given in Table 3.1.
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Data collection consisted of visual thrips injury on a 0-5 scale with 0 being no observable
injury and 5 being dead plants at three days after treatment (DAA). Plant vigor was also rated
using a 0-9 scale at seven days after treatment (DAA). Thrips populations and cotton biomass
were sampled prior to insecticide application by selecting five random plants from each
replication of each treatment. Cotton height and the number of mainstem nodes were recorded at
first bloom and at the end of the growing season. Nodes above white flower (NAWF) were also
recorded at first bloom while nodes above cracked boll (NACB) were recorded prior to harvest
aid application. Nodes above white flower were determined by counting the mainstem nodes
above the uppermost first position white flower (Bourland et al. 1992). Nodes above cracked boll
were determined by counting the number of mainstem nodes located between the uppermost first
position white flower and the uppermost harvestable boll. All cotton growth and development
data were collected from five plants per plot.
Cotton biomass was collected seven DAA from five randomly selected plants from each
plot. Each plant was cut at the soil surface, placed into paper bags, and dried in a forced air dryer
for 72 hours at 70ºC. After drying, plants were weighed on an analytical balance to determine
dry weight biomass. Thrips were sampled using a similar technique to Copeland et al., (2016 &
2017) which was a modification of the whole plant technique first described by Burris et al.,
(1989; 1990). Five plants were randomly selected from each plot, cut below the cotyledons, and
quickly placed in a self-sealing bag. Bags were then brought to the laboratory and filled with a
50% ethanol solution. Plants and solution from each bag were then washed over a standard No.
100 sieve. Thrips were separated from the sieve using an alcohol solution in a 500 ml squirt
bottle onto a 9-cm white paper marked with gridlines for counting using a vacuum filtration
system (Reisig et al., 2012; Copeland et al., 2017). Filter paper was then placed inside petri
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dishes and thrips were counted and separated based on color using microscopy. Adult thrips dark
in color were considered tobacco thrips (Frankliniella fusca [Hinds]). Stewart et al., (2013)
observed that 98% of thrips in MS were tobacco thrips. While thrips differing in color were
considered other species. Immature thrips were labeled “immature” due to inability to key to
species.
Seed cotton was collected using a 2-row spindle type picker modified for small plot
research. Prior to harvest, 25 boll samples were hand harvested from each plot. Each sample was
ginned on a 10 saw Continental Eagle (Lubbock, Texas) laboratory gin. Gin turnout was
determined by dividing the lint mass after ginning by the seed cotton mass prior to ginning and
multiplying by 100.
All growth, development and yield data were subjected to analysis of variance using the
PROC GLIMMIX procedure of the Statistical Analysis System (SAS® version 9.4. SAS®
Institute Inc., Cary NC). Additionally, immature thrips counts per five plants prior to application,
three DAA and seven DAA were subjected to analysis of covariance using the PROC GLIMMIX
procedure of the Statistical Analysis System. Analysis of covariance was deemed appropriate
due to non-uniformity in pest incidence (Yag and Juskiw 2010). The covariance analysis
technique was conducted by taking pest number as a covariate prior to application and difference
in pest moratilty between plots which was separated from the treatment affect. Analysis of
variance was utiltized for all cotton growth and development parameters and means were
separated at an α = 0.1. Generalized additive modeling (GAM) analysis was conducted using the
R 3.4.1 statistical software package using the MGCV package to model spray droplet size with
each respective immature thrips count as well as lint yield. This technique was performed to
provide an estimation of the best droplet for immature thrips control and lint yield for each
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insecticide (Crawley, 2013). Models were developed based on results from SAS 9.4 and are
shown in that manner.
3.4
3.4.1
3.4.1.1

Results and Discussion
Thrips Control
Effect of acephate on immature thrips populations
The interaction of droplet size and site-year affected immature thrips populations three

DAA when acephate was applied at various droplet sizes. Differences in the number of immature
thrips present per five plants three DAA were present at both sites in 2016 (Table 3.2). However,
no differences in visual cotton injury following acephate application from thrips were observed
due to changes in droplet size (Table 3.3). No differences were observed in the number of
immature thrips present per five plants three DAA in 2017 at either site. Differences among siteyears may be attributed to the level of rainfall received early in the growing season. At both
locations, rainfall was greater in June in 2016; while in 2017 heavier rainfall was measured in
May (Weather Underground, 2016;2017). Rainfall has been shown to negatively affect thrips
populations (Bailey 1933 & 1934) due in part to heavy precipitation potentially killing larvae and
suppressing dispersal (Kirk, 1997; Lewis 1963). Acephate applied with 300 µm and 400 µm
droplets reduced thrips populations three DAA in 2016 at Brooksville compared to the untreated
check. Immature thrips populations three DAA following acephate applications with 300 µm
(medium) and 400 µm (very coarse) droplets were eight and nine immature thrips, respectively,
compared to 18 immature thrips in the untreated check (Table 3.4). Acephate applied with 150
µm, 200 µm, and 500 µm spray droplets resulted in immature thrips populations similar to those
of the untreated check. Similarly, the number of immature thrips present three DAA in 2016 at
Starkville were reduced when acephate was applied using 400 µm (very coarse) spray droplets
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compared to the untreated check. Acephate applied using 150 µm, 300 µm, and 500 µm spray
droplets resulted in immature thrips populations similar to those in the untreated check three
DAA in 2016 at Starkville.
Generalized additive models established for acephate for number of immature thrips
present three DAA are given in Figures 3.1-3.4. Model smooth term estimated degrees of
freedom (edf) and explained deviance are presented in Table 4.5. A smooth term edf of one is
equal to a linear model with model fluctuation increasing as the smooth term edf increases. The
explained deviance provides an estimate of the discrepancy between the model’s predicted
estimates and actual observations. As the percentage increases, discrepancy decreases, leading to
an overall better model fit.
Data from three of four site-years for observations following acephate application were
linear in response (Figures 3.2-3.4) with a smooth term edf of one (Table 3.5). However,
immature thrips popluations following acephate application using various size spray droplets in
2017 at Brooksville or Starkville were not different from the untreated check (Table 3.4). In all
three instances, the level of deviance explained by the GAM model was less than 3%, which
indicates that 97% of the deviance was due to factors other than spray droplet size. Immature
thrips populations three DAA following acephate application in 2016 at Brooksville were nonlinear in response (Figure 3.1) with a smooth term edf of 1.79 (Table 3.5). In this instance,
17.9% of the deviance was explained by spray droplet size. However, 82% of the deviance was
due to factors other than spray droplet size. In all four site-years, an optimal droplet size could be
derived. In all three of the linear response scenarios, the optimal droplet size was 150 µm based
on the GAM models. GAM models agree with findings from Bryant and Yendol, (1988) and
Adams and Hall (1990) who observed small droplets are the most efficacious on insect pests
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(120 – 160 µm). Optimal droplet size for reducing the immature thrips population at Brooksville
in 2016 was 360 µm (coarse). Immature thrips populations prior to application at Brooksville in
2016 were higher than those from all locations prior to application (Data not shown). The
interaction of spray droplet size and site-year had a significant impact on immature thrips
populations seven DAA (Table 3.4). At seven DAA, the number of immature thrips present was
≤ 1 thrips per five plants following applications at each droplet size (Data not shown). Data from
three DAA and seven DAA at Brooksville in 2016 agree with Womac et al., (1994) who
observed that when a pest came in contact with a pesticide applied using a smaller droplet that
efficacy is decreased compared to when an insect came in contact with a pesticide applied with
larger droplet. We hypothesize that more insects survived following acephate application using
droplet sizes < 300 µm when populations were sampled at three DAA and subsequently
encountered the pesticide after the sampling period and died prior to the seven DAA rating. This
hypothesis further corroborates the GAM models.
3.4.1.2

Effect of dimethoate on immature thrips populations
Based on analysis of covariance, neither of droplet size or an interaction of droplet size

and site-year impacted the immature thrips populations present three or seven DAA based on
ANCOVA (Table 3.2). Immature thrips present following dimethoate application using various
spray droplet sizes and site-year three DAA did not exceed five immature thrips per five plants.
The generalized additive models evaluated across site-years further illustrates the lack of change
in number of immature thrips present three DAA following applications of dimethoate at various
droplet sizes (Figure 3.5). Model smooth term edf and explained deviance are presented in Table
3.6.
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With a smooth term edf of one, the model presented in Figure 3.5 highlights a linear
response; however, no positive or negative impact on immature thrips was present due to
dimethoate application using various droplet sizes. Furthermore, none of the deviance in this
model could be explained due to droplet size. Further investigation using GAM models for each
site-year indicates that the model could only explain up to 7.8% of the deviance for any given
site-year (Data not shown). These data would indicate that droplet size at which dimethoate was
applied did not affect the resulting thrips control. However, differences in consistency of control
were present as indicated by the 95% confidence limits (Figure 3.5). The number of immature
thrips per five plants was more consistent when dimethoate was applied with 250 µm and 350
µm droplets. These findings indicate that more consistent performance was observed following
dimethoate application at these droplet sizes. Furthermore, based on these findings and the lack
of effect present for changing droplet sizes, applying dimethoate with a nozzle producing
droplets that fall under the extremely coarse classification is warranted due to dimethoate being
an organophosphate and the potential impact that drift could have on the surrounding
environment and species.
3.4.1.3

Effect of spinetoram on immature thrips populations
The interaction of droplet size and site-year affected immature thrips populations three

DAA when spinetoram was applied at varying droplet sizes. Differences in immature thripos
populations were present at Brooksville in 2016 and Starkville 2017 at three DAA (Table 3.7). In
both instances, applications of spinetoram at all droplet sizes decreased the number of immature
thrips present three DAA when compared to the untreated check. Generalized additive models
established for number of immature thrips present three DAA following spinetoram application
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are presented in Figures 3.6-3.9. Model smooth term estimated degrees of freedom (edf) and
explained deviance are presented in table 3.8.
For two of the four site-years, response of immature thrips poulations to spinetoram
application at varying droplet sizes was linear in response (Figures 3.8 & 3.9) with a smooth
term edf of 1.00 (Table 3.8). However, both linear responses were observed at the Starkville
location, which had fewer thrips than the Brooksville location (Data not shown). In both cases,
less than 4% of the deviance could be explained using the GAM model. Based on GAM model
results, optimum droplet size differed between years. In 2016, optimum droplet size for thrips
control with spinetoram was predicted to be 150 µm, while in 2017 optimum droplet size
predicted by the GAM model was 500 µm. For applications in Starkville in 2016 and 2017, the
95% confidence interval denoted in gray (Figures 4.8 & 4.9) was minimized following
spinetoram applied with droplets between 200 µm and 400 µm. This signifies more consistent
performance in both years when compared to applications that fall outside of this range of
droplet sizes. It is hypothesized that increased variability in thrips control following spinetoram
applications with 150 µm spray droplets could be attributed to increased off-target movement as
well as increased evaporation. Lake (1977) observed that smaller droplets with less terminal
velocity had a greater leaf retention due to the droplet being less likely to bounce and greater
distribution on vertical surfaces. Also, droplets can become too small to deliver an effective dose
thereby increasing the level of variability observed with the smallest droplets tested (Van
Frankenhuyzen and Payne 1993; Payne and Van Frankenhuyzen 1995).
At two of the four site-years, thrips control following spinetoram application was nonlinear in response (Figures 3.6 & 3.7) with a smooth term edf > 1.00 (Table 3.8). In both
instances, greater deviance could be explained when comparing models from 2016 to 2017.
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Interestingly, both instances were from the Brooksville locations (Table 3.8). Generalized
additive models explained 14% of the deviation observed in 2016 and 8.7 % in 2017 at
Brooksville. Optimum droplet size for thrips control with spinetoram from 2016 at Brooksville
was predicted to be 390 µm and 500 µm in 2017 (Table 3.8). Differences between years within
the Brooksville site could be attributed to increased rain following application in 2017 compared
to 2016 (Weather Underground 2016; 2017). However, similarities were present in the number
of immature thrips present three DAA when comparing the 95% confidence intervals from
Starkville in 2016 and 2017 and Brooksville in 2016. Variation in immature thrips control was
minimized when using spray droplets between 300 and 400 µm compared to droplet sizes
outside of the range. It is postulated from these findings that more consistent performance from
spinetoram on thrips will be observed when spray droplets are between 300 and 400 µm in size.
Moreover, when evaluating the site-year with the highest number of immature thrips per five
plants, these data suggest the optimum droplet size for control with spinetoram when higher
levels of thrips infestations are present can also fall in this range.
3.4.2
3.4.2.1

Cotton Growth and Development
Early Season
Neither droplet size nor the droplet size by site-year interaction affected cotton vigor

ratings three DAA (Table 3.3). Similarly, droplet size and droplet size by site-year did not affect
cotton biomass following applications of acephate or spinetoram (Data not shown). However, a
droplet size by site-year was present for cotton biomass 14 DAA following dimethoate
application. No differences in cotton biomass 14 DAA were observed in for either year at
Brooksville (Table 3.9). However, differences in cotton biomass were present in 2016 at
Starkville. Cotton biomass 14 DAA in 2016 at Starkville ranged from 31-52 g five plants-1.
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Applications of dimethoate using 150 µm spray droplets resulted in increased cotton biomass 14
DAA when compared to cotton receiving applications of dimethoate at droplet sizes of 300, 400,
or 500 µm (Table 3.9). However, cotton biomass was not different between the untreated control
and cotton that was treated with dimethoate using 150 µm spray droplets. Cotton biomass 14
DAA not treated with spinetoram or treated with spinetoram at 150, 200, 300, 400, and 500 µm
was 44, 52, 37, 29, 31, and 32 g five plants-1, respectively.
3.4.2.2

Cotton Growth Paramters at First Bloom
A droplet size by site-year interaction affected cotton height at first bloom following

acephate application (Table 3.3). There were no differences observed in cotton height at first
bloom in 2016 at Starkville (Table 3.10). Cotton height at first bloom ranged from 47 cm to 50
cm. Similarly, minimal differences were observed in 2016 at Brooskville. Cotton treated with
acephate with a droplet size of 300 µm resulted in taller plants than those that were treated with
acephate at a droplet size of 200 µm. Plant height at first bloom could have an inverse
relationship to that of thrips control. Immature thrips populations were higher three DAA and
cotton was shorter at first bloom (Figure 3.1) when acephate was applied using 200 µm spray
droplets (Tables 3.4 and 3.10) when compared to applications of acephate with 400 µm droplets.
Copleand et al., (2016) also observed increased thrips control generally coincided with taller
cotton at first bloom. A similar relationship was present when comparing cotton heights from
Brooksville in 2017 and trends observed from the GAM model (Figure 3.2). Plant height
generally decreased as droplet size increased. Cotton treated with acephate using 150 µm spray
droplets was taller at first bloom than cotton treated with acephate using 500 µm droplets.
Differences observed in 2017 at Starkville, followed a similar trend with the exception of cotton
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height at first bloom following acephate application at 400 µm which was similar to cotton
height following acephate application at 150 µm and 200 µm.
Droplet size also impacted cotton height when dimethoate was applied (Table 3.3).
Cotton height at first bloom was greatest following dimethoate application using 150 µm spray
droplets compared to cotton height following dimethoate application with 300 µm and 400 µm
droplets (Table 4.11). Cotton height at first bloom was similar following dimethoate applications
using 150 µm, 200 µm, and 500 µm droplets. Cotton height followed a similar trend to that of
immature thrips present three DAA following dimethoate, in that no differences were observed.
The lack of difference in cotton height and thrips numbers following dimethoate application with
150 µm and 500 µm spray droplets suggests that when dimethoate is used spray droplet size has
little impact on thrips control.
A droplet size by site-year interaction was present for NAWF when dimethoate was
applied. (Table 3.3). There were no differences observed between NAWF at three of the four
site-years with NAWF ranging from seven to eight (Table 3.12). This corresponds with the GAM
model (Figure 3.5) which illustrates no difference in thrips control due to droplet size when
dimethoate was applied. Differences in NAWF were present in 2017 at Starkville; however,
these differences did not correspond with thrips populations observed (Data not shown). Under
typical growing conditions, optimal NAWF at first blooom ranges from nine to ten (Silvertooth,
1994). Lower NAWF counts at first bloom can be impacted by stressful growing conditions
(Silvertooth, 1994). Therefore, stress outside of treatments evaluated within this research may
have negatively impacted NAWF in 2017 at Starkville. Node above whiteflower was not affected
by applications of either acephate or spinetoram, with NAWF ranging from 7-8 NAWF (data not
shown).
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3.4.2.3

Cotton Growth Parameters at the end of the Season
A droplet size*site-year interaction affected cotton height at the end of the season

following acephate application (Table 3.3). No cotton height differences were present due to
acephate applied with varying droplet sizes in 2016 or 2017 in Brooksville as well as 2017 in
Starkville (Table 3.13). However, differences in cotton height following acephate application
were present in 2016 at Starkville. Cotton height at the end of the season was decreased when
acephate was applied using 150 µm, 200, and 500 µm spray droplets.
The number of cotton mainstem nodes at the end of the season was affected by droplet
size when applying acephate and spinetoram (Table 3.3). Total nodes present at the end of the
season on cotton treated with acephate ranged from 19 to 20 when pooled over site-years (Table
3.14). Total nodes were similar across droplet size treatments with the exception of cotton treated
with acephate using 200 µm spray droplets which resulted in fewer mainstem nodes at the end of
the season compared to cotton treated with acephate using 150 µm and 400 µm droplets. Total
nodes at the end of the season following spinetoram applicaiton ranged from 18-19 depending on
the droplet size used for application. The greatest reduction in the number of mainstem nodes at
the end of the season compared to the untreated control was observed when cotton was treated
with spinetoram using 400 µm spray droplets.
Nodes above cracked boll were affected by a droplet size by site-year interaction
following dimethoate application (Table 3.3). No differences in NACB where observed in
Brooksville (Table 3.16). However, differences in NACB were observed at Starkville in 2016
and 2017. In general, as the number of immature thrips present three DAA decreased (Figure
3.8), NACB decreased in 2016 at Starkville (Table 3.16). Similar findings were present in 2017
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when dimethoate was applied with droplet sizes between 150 µm and 300 µm. Nodes above
cracked boll were unaffected by applications of acephate or spinetoram.
3.4.2.4

Lint Yield
Cotton lint yield was only affected by droplet size when acephate was applied (Table

3.3). Generally, lint yield increased as droplet size increased when pooled over site-years (Table
3.17). Lint yield was maximized when acephate was applied at a droplet size greater than 150
µm. Reductions in lint yield were observed when no acephate was applied compared to acphate
applied with 400 µm and 500 µm spray droplets. The GAM model established for acephate for
lint yield is given in Figure 3.11. Model smooth term estimated degrees of freedom (edf) and
explained deviance are presented in table 3.11.
Lint yield response to acephate application at various droplet sizes was linear in nature
(Figures 3.11) with a smooth term edf of one (Table 3.18). Less than 1% of the deviance could
be explained within this model which leaves a high percentage of these findings falling outside
the boundaries of the model. Based on this model, cotton lint yield was maximized when
acephate was applied using 500 µm droplets. Further evaluation of the model suggests that more
consistent lint yield was attained when acephate was applied using 300 µm-400 µm spray
droplets. Although cotton yield was greater following acephate applications with 500 µm
droplets, greater potential exists for lint yield to decrease below that of cotton treated with
acephate using droplets between 300 µm and 400 µm.
3.5

Conclusion
Droplet size can influence thrips control on a year, location, and insecticide basis. Not

only should application of each insecticide not be approached in the same manner, but individual
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fields should be evaluated for proper thrips control. These data suggest that in instances where
thrips numbers are minimal but exceed economic threshold, applications using a smaller droplet
size may improve acephate and spinetoram efficacy due to increased coverage. However, when
immature thrips populations increased, larger droplets performed better. We hypothesize this is
due to a larger droplet for the insect to encounter and, in turn, a quicker death to the pest. This
became more evident when examining acephate application using larger droplets after which
increased lint yield was observed. However, further research is needed due to the inconsistency
across site-years. We hypothesize that inconsistency in thrips control observed due excessive
rainfall prior to and after the application and evaluation period in 2017. Chemistry specific insect
management may be necessary with respect to optimum droplet sizes due to the differences in
results with acephate and spinetoram. Furthermore, based on these results, insecticide efficacy is
not equal across droplet size and each chemistry should be applied in such a manner to maximize
efficacy. Based on these findings, thrips control following dimethoate application is not droplet
size dependent. However, thrips control following acephate application or spinetoram application
appear to be sensitive to spray droplet size at application. Future research should focus on
various spray droplet sizes and additional insecticides applied using various spray droplet sizes.
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Table 3.1

Nozze type, orifice size, and application pressure combinations for each acephate, spinetoram, and dimethoate droplet
size (DV0.5) treatment.A

Application
Target droplet Actual droplet Standard
ASABE
Pressure
size A
size
error
Classification
kPa
––––––––––––––––µm––––––––––––––––
acephateC
ER 110015
514
150
154
1.31
Fine
ER 11002
248
200
206
0.47
Fine
MR 110015
403
300
311
1.15
Medium
MR 11003
331
400
405
2.99
Very Coarse
MR 11003
193
500
506
2.88
Extremely Coarse
spinetoramD
140
ER 110015
514
150
152
1.36
Fine
ER 11002
248
200
206
3.03
Fine
MR 110015
400
300
309
0.08
Medium
MR 11003
331
400
400
1.90
Coarse
MR 11003
193
500
505
1.46
Extremely Coarse
dimethoateE
140
ER 110015
534
150
164
0.55
Fine
ER 11002
348
200
205
0.41
Fine
MR 110015
434
300
309
0.84
Medium
MR 11003
365
400
411
1.26
Very Coarse
MR 11003
176
500
507
1.44
Extremely Coarse
A
Target droplet sizes were the observed droplet size treatments used in data analysis. Actual droplet sizes were the measured droplet
sizes from the insecticide, nozzle, and pressure combinations used. All actual droplet sizes were within 8.5 % of the target droplet
sizes.
B
Flat fan, non-venturi nozzles, Wilger Industries Ltd., Lexington, TN, USA
C
Active Ingredient
D
Active Ingredient
E
Active Ingredient
Insecticide

Carrier
Volume
L ha-1
140

Nozzle B
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Table 3.2

Analysis of Covariance for immature thrips control at three days after treatement (DAA) and 7 DAA for three
experiments that contained either acephate, dimethoate, or spinetoram.

Treatment
Droplet Size
Site year
Droplet Size * Site year
A
Degrees of freedom
B
Days after treatment

D.F.
5
3
15

A

Acephate
3 DAA B
7 DAA
0.0003
0.5346
<0.0001
0.0004
0.0334
0.6506
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Dimethoate
3 DAA
7 DAA

Spinetoram
3 DAA
7 DAA

0.5085
<0.0001
0.9897

0.0042
<0.0001
0.0649

0.6504
<0.0001
0.4195

0.4868
0.0001
0.9937

Table 3.3

Analysis of variance for parameters evaluated during the growing season for experiments receiving acephate,
dimethoate, or spinetoram.

Treatment

5
3

Thrips
damage Vigor
Plt.C
Mainstem
EOS.
D st
E st
G
rating 3 rating 3
ht. 1
nd. 1
EOS
mainstem
Lint
DATB
DAA Biomass bloom
bloom
NAWFF plt. ht.
nd.
NACBH
yield
––––––––––––––––––––––––––––––––––––––––Acephate–––––––––––––––––––––––––––––––––––––
–––
0.6917 0.5184
0.7299
0.1022
0.5305
0.5457 0.2815
0.0556
0.2648
0.093
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

15

0.2776

5
3

––––––––––––––––––––––––––––––––––––––––Dimethoate–––––––––––––––––––––––––––––––––––
–––––
0.875
0.1514
0.004
0.0013
0.414
0.2773
0.666
0.1956
0.0493 0.7861
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

D.F.A

Droplet Size
Site year
Droplet Size *
Site year
Droplet Size
Site year
Droplet Size *
Site year
Droplet Size
Site year
Droplet Size *
Site year

15

0.3908

0.8683

0.0215

0.95

0.1414

0.0341

0.5498

0.2630

0.8837

5
3

0.2831 0.9303
0.0275
0.1393
0.1896
0.0138 0.1524
0.3456 <0.0001 0.7464
––––––––––––––––––––––––––––––––––––––––Spinetoram––––––––––––––––––––––––––––––––––––
––––
0.3467 0.5673
0.7655
0.4256
0.8173
0.8857 0.0705
0.006
0.7175 0.8993
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

15

0.3688

0.7694

0.7238

0.9814

A

Degrees of freedom
Days after treatment
C
Plant
D
Height
E
Node
F
Nodes above whiteflower
G
End of season
H
Nodes above cracked boll
B
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0.9839

0.1976

0.3177

0.1933

0.6895

0.9844

Table 3.4

Effect of droplet size and year on immature thrips populations 3 days after application control with applications of
acephate in 2015 and 2016 in Starkville, MS and Brooksville, MS.
Brooksville
B

2016

C

Starkville
2017

2016

2017

Droplet Size
@ Appl.
3 DAA
@ Appl.
3 DAA
@ Appl.
3 DAA
@ Appl.
3 DAA
µm
––––––––––––––––––––––––––––––––––# of immature thrips/5plants––––––––––––––––––––––––––––––––––
untreated
13
18.2 a
5.2
3b
3.3
7.9 a
6.3
1.5 a
150
13
16.1 ab
5.2
0b
3.3
4.1 abc
6.3
0.2 a
200
13
8.8 ab
5.2
0b
3.3
2.8 bc
6.3
1.4 a
300
13
8.7 b
5.2
0b
3.3
5.0 abc
6.3
0.0 a
400
13
7.8 b
5.2
0b
3.3
1.0 c
6.3
1.4 a
500
13
10.8 ab
5.2
0b
3.3
6.8 ab
6.3
1.2 a
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
B
Number of Thrips Priot to Application
C
Days after treatment
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Table 3.5
Year

Generalized additive model (GAM) for immature thrips present three days after application smoothing parameters and
deviance explained for applications of acephate within individual site years for determination of an optimal droplet size.
Site

Insecticide

Smooth term edf A

Deviance explained
Optimal droplet size
%
µm
Brooksville, MS Acephate
1.8
17.9
360
2016
Starkville, MS
Acephate
1.0
2.3
150
Brooksville, MS Acephate
1.0
0.8
150
2017
Starkville, MS
Acephate
1.0
2.6
150
A
Smooth term estimated degrees of freedom (edf) provides an estimation of the model fluctuation. A smooth term edf of 1.00 equals a
linear model.

81

Table 3.6
Insecticide

Generalize additive model (GAM) smoothing parameters and deviance explained for immature thrips present three days
after application of dimethoate across site years for determination of an optimal droplet size.
Smooth term edf A

Deviance explained
Optimal Droplet Size
–––%–––
–––µm–––
Dimethoate
1.0
0.0
500
A
Smooth term estimated degrees of freedom (edf) provides an estimation of the model fluctuation. A smooth term edf of 1.00 equals a
linear model.
Table 3.7

Effect of droplet size on immature thrips populations 3 days after application following application of spinetoram across
years and locations.

Brooksville
Starkville
2016
2017
2016
2017
Droplet Size
@ Appl.A
3 DAAB
@ Appl.
3 DAA
@ Appl.
3 DAA
@ Appl.
3 DAA
µm
––––––––––––––––––––––––––––––––––# of immature thrips/5plants––––––––––––––––––––––––––––––––––
untreated
13
19 a
8
1a
5
1a
6
4a
150
13
11 b
8
0a
5
1a
6
1b
200
13
11 b
8
0a
5
1a
6
1b
300
13
9b
8
1a
5
1a
6
1b
400
13
6b
8
1a
5
1a
6
0b
500
13
12 b
8
0a
5
1a
6
1b
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
B
Application
C
Days after treatment
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Table 3.8
Year

Generalize additive model (GAM) smoothing parameters and deviance explained for immature thrips present 3 days
after application of spinetoram within individual site years for determination of an optimal droplet size.
Site

Insecticide

Smooth term edf A

Deviance explained
–––%–––
Brooksville, MS Spinetoram
1.7
13.9
2016
Starkville, MS Spinetoram
1.0
3.7
Brooksville, MS Spinetoram
1.3
8.7
2017
Starkville, MS Spinetoram
1.0
0.4
A
Smooth term estimated degrees of freedom (edf) provides an estimation of the model function.
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Optimal droplet size
–––µm–––
390
150
500
500

Table 3.9

Cotton biomass 14 days after dimethoate application at various droplet sizes at
each site-year.
Plant Biomass

Brooksville
Starkville
Droplet Size
2016
2017
2016
2017
µm
–––––––––––––––––––––grams/5 plants–––––––––––––––––––––
untreated
17 a
17 a
44 ab
21 a
150
22 a
23 a
52 a
25 a
200
17 a
16 a
37 bc
22 a
300
21 a
16 a
29 c
16 a
400
20 a
16 a
31 c
26 a
500
25 a
20 a
32 c
20 a
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)

84

Table 3.10

Effect of acephate application with various droplet sizes on cotton height at 1st
bloom at each site-year.
Plant height at 1st bloom

Brooksville
Starkville
Droplet Size
2016
2017
2016
2017
µm
–––––––––––––––––––––––––––cm–––––––––––––––––––––––––––
untreated
52 ab
55 ab
47 a
55 bc
150
51 ab
56 a
50 a
55 abc
200
50 b
52 abc
50 a
60 a
300
54 a
51 bc
48 a
53 c
400
55 ab
53 bc
50 a
59 ab
500
54 ab
48 c
48 a
53 c
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
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Table 3.11

Cotton height at first bloom following application of dimethoate at various droplet
sizes.

Droplet Size
Plant Height @ 1st Bloom
µm
cm
untreated
52 c
150
56 a
200
53 abc
300
51 c
400
53 bc
500
55 ab
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
Table 3.12

Nodes above white flower at first bloom following applications of dimethoate
application with various droplet sizes at each site-year.
NAWF B
Brooksville

Starkville

Dropplet size
2016
2017
2016
2017
µm
––––––––––––––––––––––––––––#––––––––––––––––––––––––––––
untreated
7a
7a
8a
8 ab
150
7a
7a
8a
8a
200
7a
7a
8a
8 ab
300
7a
7a
8a
6c
400
7a
7a
8a
8a
500
7a
7a
8a
7b
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
B
Nodes above whiteflower
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Table 3.13

Plant height at the end of the season following acephate application with various
droplet sizes for each site year.
EOSB Plant height

Brooksville
Starkville
Droplet size
2016
2017
2016
2017
µm
–––––––––––––––––––––––––––cm–––––––––––––––––––––––––––
untreated
75 a
76 a
123 a
78 a
150
73 a
74 a
116 bc
83 a
200
74 a
75 a
111 c
83 a
300
71 a
76 a
117 abc
84 a
400
73 a
79 a
118 ab
83 a
500
73 a
76 a
115 bc
84 a
A
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
B
End of season
Table 3.14

Total cotton nodes at the end of the season following acephate application with
various droplet sizes.

Droplet Size
EOS A mainstem nodes
––––––––µm––––––––
––––––––#––––––––
untreated
20 ab
150
20 a
200
19 b
300
19 ab
400
20 a
500
20 ab
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
A
End of season
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Table 3.15

Total cotton nodes at the end of the season following spinetoram application with
various droplet sizes.

Droplet Size
EOS A mainstem nodes
––––––––µm––––––––
––––––––#––––––––
untreated
19 a
150
18 bc
200
19 ab
300
18 bc
400
18 c
500
19 ab
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
A
End of season
Table 3.16

Nodes above cracked boll following dimethoate application at various droplet
sizes.
NACBB

Brooksville
Starkville
Droplet size
2016
2017
2016
2017
µm
–––––––––––––––––––––––––––cm–––––––––––––––––––––––––––
untreated
3a
1a
6 bc
7a
150
1a
1a
5c
6b
200
2a
2a
6c
6 ab
300
2a
2a
7a
4c
400
2a
1a
6 bc
6 ab
500
3a
1a
7 ab
7a
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
B
Nodes above cracked boll

88

Table 3.17

Cotton lint yield following acephate application with various droplet sizes polled
over site-years.

Droplet Size
Lint Yield
––––––––µm––––––––
––––––––kg lint ha-1––––––––
untreated
1217 b
150
1277 ab
200
1300 ab
300
1307 ab
400
1378 a
500
1387 a
Means within a column followed by the same letter are not significantly different (α ≤ 0.1)
Table 3.18
Insecticide

Generalize additive model (GAM) smoothing parameters and deviance explained
for lint yield following applications of acephate pooled over site years.
Smooth term edf A

Deviance explained
Optimal Droplet Size
–––%–––
–––µm–––
Acephate
1.00
0.66
500
A
Smooth term estimated degrees of freedom (edf) provides an estimation of the model function.
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Figure 3.1

Number of immature thrips present per five plants following acephate application
at differing droplet sizes at the Black Belt Branch Experiment Station in
Brooksville, MS in 2016. The grey shaded area indicates the 95 % confidence
interval.
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Figure 3.2

Number of immature thrips present per five plants following acephate application
at differing droplet sizes at the Black Belt Branch Experiment Station in
Brooksville, MS in 2017. The grey shaded area indicated the 95 % confidence
interval.
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Figure 3.3

Number of immature thrips present following acephate application at differing
droplet sizes at the R. R. Foil Plant Science Research Center in Starkville, MS in
2016. The grey shaded area indicated the 95 % confidence interval.
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Figure 3.4

Number of immature thrips present acephate application at differing droplet sizes
at the R. R. Foil Plant Science Research Center in Starkville, MS in 2017. The grey
shaded area indicated the 95 % confidence interval.
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Figure 3.5

Number of immature thrips present per five plants following dimethoate
application at differing droplet sizes pooled over site-year. The grey shaded area
indicated the 95 % confidence interval.
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Figure 3.6

Number of immature thrips present per five plants following spinetoram
application at differing droplet sizes at the Black Belt Branch Experiment Station
in Brooksville, MS in 2016. The grey shaded area indicated the 95 % confidence
interval.
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Figure 3.7

Number of immature thrips present following spinetoram application at differing
droplet sizes at the Black Belt Branch Experiment Station in Brooksville, MS in
2017. The grey shaded area indicated the 95 % confidence interval.
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Figure 3.8

Number of immature thrips present following spinetoram application at differing
droplet sizes at the R.R. Foil Plant Science Research Center in Starkville, MS in
2016. The grey shaded area indicated the 95 % confidence interval.
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Figure 3.9

Number of immature thrips present following spinetoram application at differing
droplet sizes at the R.R. Foil Plant Science Research Center in Starkville, MS in
2017. The grey shaded area indicated the 95 % confidence interval.
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Figure 3.10

Number of immature thrips present following dimethoate application at differing
droplet sizes at Starkville in 2016. The grey shaded area indicated the 95 %
confidence interval.
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Figure 3.11

Cotton lint yield following applications of acephate at differing droplet sizes. The
grey shaded area indicated the 95 % confidence interval
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CHAPTER IV
INJURY POTENTIAL OF HERBICIDE COMBINATIONS ON XTENDFLEX TM COTTON
4.1

Abstract
Technologies have been developed allowing growers to apply auxin-type herbicides

POST to cotton. XtendFlex® technology from Monsanto allows growers to apply glypohsate,
glufosinate, and dicamba POST to cotton. Since the development and spread of glyhosate
resistant weed species, early POST applications with several modes of actions have become
common. However, crop injury potential from these applications warrants further examination.
Studies were conducted from 2015-2017 at two locations in Mississippi to evaluate XtendFlex®
cotton injury from herbicide application. Herbicide applications were made to DP 1522 B2XF at
the 3-6 leaf cotton stage with herbicide combinations comprised of two, three, and four-way
combinations of glyphosate, glufosinate, S-metolachlor, and three formulations of dicamba.
Injury from herbicide applications was highest at 3, 7, and 14 days following applications
containing glufosinate + S-metolachlor or glufosinate + S-metolachlor in combination with
dicamba + glyphosate. Total injury from herbicide application declined at every rating interval
and by 28 DAA no injury from herbicide application was observed. Minimal differences in
cotton growth paramters were observed at first bloom and at the end of the year. Lint yield was
not affected by herbicide(s) and ranged from 1567 to 1778 kg lint ha-1.

105

4.2

Introduction
Over the past decade, the use and development of biotechnology-derived traits in row

crop agriculture has led to incredible advancements (Behrens et al., 2007). Adoption of
glyphosate-resistant crops resulted in reduced use of other herbicide(s) in cotton [Gossypium
hirsutum (L.)] and soybean [Glycine max (L.)] production systems (Riar et al. 2013). The
worldwide use of glyphosate-resistant crops, continues to grow (Green and Owen 2011). Greater
than 93% of the soybeans in the midsouthern U.S. were glyphosate- resistant in 2012 (Riar et al.
2013). However, over use of glyphosate has led to the development and proliferation of
glyphosate-resistant weed species (Dickson et al. 2011; Heap 2013; Kruger et al. 2009; Nandula
et al. 2012; Norsworthy et al. 2008; Steckel et al. 2008). Of these resistant weed species, Palmer
amaranth [Amaranthus Palmeri (S. Wats.)] has become the one of thes most troublesome weeds
in row crop production across most of the southern U.S. (Webster 2013).
Monsanto has developed cotton resistant to dicamba and glufosinate (event 88701) that
has been deregulated for planting (USDA-APHIS 2015). Behrens et al., (2007) suggested that
dicamba tolerance was pursued because it is environmentally safe, does not persist in soil, and
has a relatively low to no toxicity to humans and other wildlife (Stevens and Sumner 1991).
Crops resistant to dicamba were developed through the insertion of the dicamba monooxygenase
(DMO) gene.
The DMO gene was isolated from Stenotrophomonas maltophilia which was found at a
dicamba manufacturing plant (Behrens et al. 2007). The DMO gene encodes a Rieske nonheme
monooxygenase that can inactivate dicamba when it is expressed at either the nuclear level or the
chloroplast level of transgenic plants. The enzyme destroys the herbicidal activity of dicamba
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before it can reach lethal levels in the plant. Only chloroplast transformants expressing the DMO
enzyme provide resistance to dicamba (Behrens et al. 2007). Further results demonstrated that a
reduced ferredoxin from spinach [Spinacia oleracea (L.)] was capable of contributing electrons
to DMO in vitro which is measured either by the breakdown of dicamba or the appearance of 3,
6-dichlorosalicylic acid (DCSA). Finding the DMO gene in the chloroplast genome implied that
chloroplast encoded DMO could be produced in greater abundance. Further investigations
revealed that chloroplast transformations produced about 20 times more DMO than that of the
nuclear transformations.
The soybean variety ‘Thorne’ (Ohio State University) and ‘NE3001’ (University of
Nebraska) was transformed with same DMO expression cassette; which was made up of a
promotor, a transcription initiator, the DMO gene sequence and a terminator. Soybean lines
displayed tolerance to dicamba at of 2.8 and 5.6 kg ha-1 in greenhouse studies (Behrens et al.,
2007). Complete tolerance was also confirmed in field trials. No hindrance in agronomic
performance due to applications of dicamba applied preplant, at V3, and at preplant in
combination with V3 applications when compared to non-treated weed free plots were observed.
Soybean is one of the most susceptible plant species to dicamba and a single copy of the DMO
gene expressed at moderate levels decreased the level of sensitivity to dicamba by 5000-fold
(Behrens et al. 2007).
Monsanto has released XtendFlex® cotton varieties with commercial sales beginning in
2015. These cotton varieties are tolerant to glyphosate, glufosinate, and dicamba (Bollman 2013;
ISAAA 2015). XtendFlexTM technology allows growers to apply multiple herbicides to control
glyphosate-resistant and tough to control weeds (Bollman 2013). Herbicide combinations
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containing both glyphosate and dicamba applied preplant effectively controlled glyphosateresistant horseweed [Conyza canadensis (L.) Cronq.] (Eubank et al. 2008; Steckel et al. 2006).
Applications containing acetochlor + dicamba PRE increased Pamer amaranth control in cotton
by 13-17% (Cahoon et al., 2015). Similar combinations applied POST in dicamba-resistant
soybean resulted in increased control of giant ragweed [Ambrosia trifida (L.)], common
waterhemp [Amaranthus rudis (Saur.)] and Palmer amaranth when compared to POST applied
treatments of glyphosate alone (Byker et al. 2013; Johnson et al. 2010; Vink et al. 2012).
No cotton injury was observed 18 to 23 days following dicamba applied PRE (Cahoon et
al. 2015; Dodds et al. 2012; Reynolds et al. 2013; York et al. 2015). Cahoon et al., (2015)
observed that when glufosinate was applied alone or in combination with dicamba EPOST,
cotton injury ranged from 3 to 6% in North Carolina and 9 to 14% in Georgia. Application of
glyphosate resulted in 2% or less injury when applied EPOST to XtendFlexTM cotton. However,
glyphosate applied in combination with dicamba, increased injury from 1 to 6 percent in North
Carolina and 9 to 13% in Georgia. Similar results were reported by Dixon et al., (2014).
However, little to no data exists regarding EPOST applications on XtendFlexTM cotton
containing combinations of S-metolachlor, glufosinate, and glyphosate and the resultant effects
on visual injury, crop growth and development, and yield. Therefore, this research was initiated
to quantify the effect of herbicide tank mix combinations on visual injury, growth and
development, and yield of XtendFlexTM cotton.
4.3

Materials and Methods
Experiments were conducted from 2015 to 2017 at the R. R. Foil Plant Science Research

Center at Starkville, MS and the Black Belt Research Center in Brooksville, MS. Planting,
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application, data collection and harvest dates are given in Table 4.1. Cotton was planted on
conventionally tilled beds at both locations in all years. Deltapine 1522 B2XF (Monsanto
Company, St. Louis, Missouri) was seeded at 13.1 seeds meter of row-1 with fertility, insecticide,
and plant growth regulator use based on Mississippi State University Extension
recommendations. Plots consisted of four-97 cm spaced rows that were 12 m in length.
Applications were made to 3-6 leaf cotton with the center two rows treated leaving the outside
rows as buffer between plots. Experiments located at the Starkville site were furrow irrigated as
needed. Experiments located in Brooksville in were grown under rainfed conditions.
Experiments were conducted using a factorial arrangement of treatments within a
randomized complete block design. Treatment combinations were developed to simulate
potential herbicide combinations for use in XtendFlex® cotton (Monsanto Company, St. Louis,
Missouri) cotton. Herbicide combinations were developed prior to current label restrictions with
tank combinations with new dicamba formulations. Treatments consisted of an untreated check
as well as applications containing any of the following products alone or in possible
combinations (Table 4.2): S-metolachlor (Dual Magnum® , Syngenta Crop Protection,
Greensboro, North Carolina) @ 1.1 kg ai ha-1, glyphosate (Roundup Powermax®, Monsanto
Company, St. Louis, Missouri) @ 1.1 kg ae ha-1, glufosinate (Liberty 280 SL®, Bayer
CropScience, Durham, North Carolina) @ 0.6 kg ai ha-1, and three different dicamba
formulations (Clarity® & Engenia®, BASF Ag Products, Research Triangle Park, North
Carolina) (Xtendimax®, Monsanto Company, St. Louis, Missouri) which were applied @ 0.6 kg
ae ha-1. Premixed formulations of glyphosate + S-metolachlor (Sequence®, Syngenta Crop
Protection, Greensboro, North Carolina) @ 0.8 kg ae ha-1 + 1.05 kg ai ha-1 and dicamba +
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glyphosate (Roundup® Xtend®, Monsanto Company, St. Louis, Missouri) @ 1.1 kg ae ha-1 + 0.6
kg ae ha-1 were utilized to mimic common grower applications. Applications were made using a
CO2-propelled backpack sprayer using TTI 110015 nozzles. Application pressure was 317 kpa
and application speed was 4.8 kph.
In 2015 and 2016, 32% UAN was utilized and 2017 30-0-0-2.5 S was utilized as a
source of N fertilizer. In all years, N fertilizer was injected into the soil in a split application. In
all three years 56 kg N ha-1 was applied at planting and 78 kg N ha-1 was applied at the third
week of squaring at the Starkville location. In all three years at the Brooksville location, N
fertilizer was applied in a single application at 134 kg N ha-1 the third week of squaring. All
applications were made using a ground driven knife applicator. Fertilizer in the form of P2O5 and
K2O were applied at each location based on soil test recommendations. Plots were scouted
weekly at both locations using appropriate methodology for weed and insect pests with pesticide
and harvest aid applications applied based on Mississippi State University Extension service
recommendations (Catchot, 2017; Anonymous, 2017). Plots were maintained free of weeds
through hand weeding after herbicide applications.
Data collection included visual injury ratings at 3, 7, 14, 21, 28, and 35 days after
treatment (DAA) (Table 4.1). Visual estimation of total crop injury was visually rated at each
rating interval. Additional data collection included stand counts collected 28 DAP (days after
planting), cotton height (cm), total mainstem nodes, and nodes above whiteflower (NAWF) at
first bloom (Table 4.1). Data collection at the end of the season included cotton height, total
mainstem nodes, and nodes above cracked boll (NACB) (Table 4.1). Seed cotton yield was
collected using a 2-row spindle picker set up for small plot research (Table 4.1). Prior to harvest,
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25 boll samples were hand harvested from each plot. Each sample was ginned on a 10 saw
Continental Eagle (Lubbock, Texas) laboratory gin. Gin turnout was determined by dividing the
lint mass after ginning by the seed cotton mass prior to ginning and multiplying by 100.
Colby’s method was performed on injury data from tank combinations for potential
synergism, antagonism, or additivity (Colby 1967). Pairwise T-test comparisons were performed
in SAS v9.4 (SAS® 9.4. SAS® Institute Inc., Cary NC) on values pooled across year and
location to determine if values were different due to treatment. All data were subjected to
analysis of variance using the PROC GLIMMIX procedure SAS v9.4. Trends were similar
across years and locations regarding visual crop injury, effects on cotton growth and
development, as well as cotton yield; therefore, data were pooled over years and locations.
Means were separated using Fisher’s protected LSD (α ≤ 0.05). Degrees of freedom were
calculated using the Kenward-Roger Method. Single degree of freedom contrasts were used to
compare injury levels of applications containing either glufosinate or S-metolachlor alone to
applications that contained the combination of these herbicides.
4.4
4.4.1

Results
Crop injury from applications
Herbicide(s) evaluated affected visual crop injury level at 3, 7, 14, and 21 days after

treatment (DAA) (Table 4.1). Chlorotic injury was never present and injury at all rating intervals
was present as necrotic spotting on plant tissue present at the time of application. Necrotic
symptomology was not observed on growth, emerging after herbicide applications.
At three DAA, cotton injury ranged from 11-42% (Table 4.3). Crop injury was greatest
following three, and four-way tankmixes containing glyphosate and S-metolachlor (39-42%).
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Crop injury was minimized (11-17%) three DAA following applications of glyphosate, Smetolachlor, and three formulations of dicamba. All other treatments resulted in 18-31% crop
injury. Individual treatments and treatment combinations were evaluated using Colby’s method
to determine if treatment combinations were additive, syngeristic, or antagonistic with respect to
crop injury. Based on Colby’s Method, application of Engenia or Xtendimax® + S-metolachlor
were synergistic in their effect on crop injury at three DAA (Table 4.6). The expected injury
from there applications was 29% and 23% respectively, whereas the observed level of crop
injury was 31% (Table 4.6). Application of Clarity® + glufosinate + glyphosate as well as
Xtendimax® + glyphosate + glufosinate or Xtendimax® + glyphosate + glufosinate + Smetolachlor were antagonistic with respect to cotton injury three DAA. Expected cotton injury
following application of Clarity® + glufosinate + glyphosate; Xtendimax® + glyphosate +
glufosinate or Xtendimax® + glyphosate + glufosinate + S-metolachlor was 38%, 35%, and
46%, respectively; whereas the observed level of crop injury was 31%, 24%, and 39%,
respectively (Table 4.6).
In general, cotton injury seven DAA had begun to disapate. Injury ranged from 8-31%
(Table 4.5). Similar to visual injury levels three DAA, the greatest level of visual cotton injury at
seven DAA resulted from two-; three-, and four-way tankmixes containing glufosinate and Smetolachlor (26-31%). Visual cotton injury following applications of glufosinate + Smetolachlor, glyphosate + glufosinate + S-metolachlor alone or tankmixed with any dicamba
formulation + glyphosate + S-metolachlor with or without glufosinate was similar. The least
amount of cotton injury (8-11%) seven DAA was observed following applications of glufosinate,
glyphosate, S-metolachlor, glyphosate + S-metolachlor, or any dicamba formulation. Colby’s
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Method indicates the only significant observed effect was following application of glyphosate +
dicamba + glufosinate which was antagonistic in nature (Table 4.7). The expected level of cotton
injury at seven DAA from this application was 26%; however, only 16% injury was observed.
Cotton injury observed at 14 DAA further dissipated compared to previous rating
intervals. Injury ranged from 4-13% (Table 4.5). Similar to data from three and seven DAA, the
greatest visual level of cotton injury at 14 DAA resulted from two, three-, and four-way
tankmixes (10-13%). Visual cotton injury following applications of glyphosate, glufosinate + Smetolachlor, glyphosate + glufosinate + S-metolachlor alone or tankmixed with any dicamba
formulation, glyphosate + glufosinate + Clarity® or Engenia®, glyphosate + S-metolachlor +
Xtendimax®, or S-metolachlorresulted in 10-13%. The least amount of cotton injury at 14 DAA
resulted from applications of glyphosate, S-metolachlor, any dicamba formulation, and
glufosinate + Xtendimax® (4-7%). Based on Colby’s Method, application of Clarity® +
glufosinate + glyphosate, Xtendimax® + glufosinate, as well as glyphosate + dicamba +
glufosinate were antagonistic with respect to cotton injury 14 DAA (Table 4.8). Expected injury
14 DAA following application of Clarity® + glufosinate + glyphosate, Xtendimax® + glufosinate,
and glyphosate + Xtendimax®+ glufosinate was 17%, 12%, and 14%, respectively, whereas the
observed crop injury was 9%, 7% and 8%, respectively.
Range of cotton injury at 21 DAA was similar to the range observed 14 DAA (4-13%)
(Table 4.5). The greatest level of visual cotton injury at 21 DAA resulted from application of
glufosinate + S-metolachlor, Engenia® + glyphosate, Engenia® + glyphosate + glufosinate + Smetolachlor and glyphosate + dicamba + S-metolachlor at 10%, 13%, 10% and 11%
respectively. The least amount of cotton injury 21 DAA was observed following applications of
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glufosinate, glyphosate, S-metolachlor, Clarity® alone or tankmixed with glyhphosate or
glufosinate, Engenia® alone or tankmixed with glufosinate, and Xtendimax® alone or tankmixed
with glufosinate at 3-6% injury (Table 4.5).
4.4.2

Plant growth and development parameters
Herbicide combinations had a significant impact on cotton height at first bloom, and at

the end of the season, as well as the number of mainstem nodes present at the end of the season
(Table 3.4). Herbicide combinations did not have an impact on the number of mainstem nodes
present at bloom (Table 4.4). There was no delay in maturity observed at bloom when evaluating
nodes above whiteflower (NAWF). Similarly, herbicide combinations did not affect maturity at
the end of the year when evaluating nodes above cracked boll (NACB) (Table 4.4).
At first bloom (60-65 days after planting), cotton was 63 -70 cm in height (Table 4.9).
There were no apparent trends observed when evaluating cotton height at first bloom compared
to visual injury observed due to herbicide application. Cotton that was not treated with a
herbicide at the four to six leaf stage was taller at first bloom at (70 cm). Similarly, cotton treated
with Xtendimax® at the three to six leaf stage was 68 cm tall. Cotton height following all other
treatments ranged from 63-67 cm. Height differences at first bloom, while significant, are
minimal in nature and did not translate into yield reductions. No differences were present in total
nodes at first bloom due to herbicide application and ranged from 13-15 nodes (data not shown).
In addition, no differences in NAWF were present at first bloom due to herbicide application
and ranged from 8-9 NAWF (data not shown).
At te end of the growing season, cotton height ranged from 83-90 cm (Table 4.9). As
with cotton height at first bloom, no apparent trends were present with respect to cotton height at
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the end of the season. Cotton height at the end of the season following application of glufosinate,
S-metolachlor, Clarity® + glyphosate, Engenia® alone or tankmixed with glyphosate or Smetolachlor, or Xtendimax® ranged from 87-90 cm and was not different from that of cotton that
did not receive a herbicide application. In addition, the greatest difference in height was 7 cm
which is minimal and did not translate into yield differences.
Total nodes at the end of the season ranged from 17-19 (Table 4.9). Again, while
differences are present, there is no clear impact on total nodes at the end of the season due to
variation across experimental locations. Nodes above cracked boll (NACB) just prior to harvest
aid application ranged from 3-4 with no differences present due to herbicide application (data not
shown). No differences in NACB indicates that herbicide application and subsequent visual
injury had no impact on crop maturity at the end of the season. No differences in lint yield due to
herbicide application were present at the end of the season (Table 4.4) Lint yield at the end of the
growing season ranged from 1589-1777 kg lint ha-1 (Table 4.9).
4.5

Discussion
Cotton injury from applications of glufosinate at 0.6 kg ai ha-1 resulted in crop injury

between 3% and 13% depending on the rating period (Table 4.3). Cotton injury was present in
the form of necrotic speckling on leaves that were present at the time of application. Although
data on injury potential of herbicide tankmixes on XtendFlexTM cotton are limited at this time;
similar, findings have been observed in other cotton herbicide technology platforms. Injury
observed on XtendFlexTM cotton in this study at three and seven DAA were similar to results
from Dodds et al., (2015) who observed similar injury levels on WideStrikeTM cotton following
application of glufosinate at 0.6 kg ai ha-1. Steckel et al., (2012) and Barnett et al., (2013)
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observed similar injury levels from applications of glufosinate to WideStrikeTM cotton. Similarly,
Whitaker et al., (2011) and Culpepper et al., (2009) observed similar injury on WideStrikeTM
cotton to rates of 0.4 kg ha-1 five DAA. Based on these findings, tolerance levels of XtendFlexTM
cotton to labeled applications of glufosinate appear to be similar to WideStrikeTM cotton. It is
also important to note that XtendFlexTM cotton rebounded relatively quickly and crop injury was
< 10 % at 14 DAA. Although reductions in plant height were present at first bloom, reductions
due to herbicide application were minimal (Table 4.7). However, in all previous research, as well
as this study, visual injury did not affect cotton lint yield at the end of the season. Wright et al.,
(2014) also did not observe applications of glufosinate to have a negative impact on yield of
WideStrikeTM cotton.
Applications of glufosinate + glyphosate increased crop injury observed at three and
seven DAA when compared to applications of the two respective herbicides alone. (Table 4.5).
Whitaker et al., (2011) observed increased injury on WideStrikeTM cotton when comparing
applications containing glufosinate + glyphosate to applications containing each of the respective
herbicides alone five DAA. Steckel et al., (2012) also observed similar findings on WideStrikeTM
cotton five DAA. However, these findings differed from findings by Steckel et al., (2012) who
did not observe height reductions compared to the untreated check. Although reductions in
height were present at first bloom and at the end of the year, yield was unaffected at the end of
the growing. Again, these results differed from findings from Steckel et al., (2012) who observed
a significant reduction in yield compared to the untreated check when WideStrikeTM cotton was
subjected to applications of glufosinate + glyphosate.
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Applications containing the 2-way combination of glufosinate + S-metolachlor produced
greater injury at three and seven DAA compared to the 2-way combinations of glufosinate +
glyphosate or the Sequence® premix (Table 4.5). Although current literature lacks comparable
observations on XtendFlexTM cotton, similar injury has been observed on WideStrikeTM cotton.
Whitaker et al., (2011) and Steckel et al., (2012) both observed increased levels of injury at five
DAA with applications containing the combination of glufosinate + S-metolachlor. Applications
containing containing dicamba + S-metolachlor produced similar crop injury levels at three and
seven DAA when compared to applications of glufosinate + S-metolachlor (Table 4.5). Steckel et
al., (2012) observed that increased injury observed from applications of glufosinate + Smetolachlor altered cotton growth by way of height reduction. Stephenson et al., (2013) also
observed that the addition of S-metolachlor can reduce height compared to applications without
S-metolachlor. Although higher levels of injury were present, and height was reduced; cotton lint
yield was unaffected by herbicide application. These results differ from findings by Steckel et
al., (2012) who observed a significant reduction in yield when glufosinate + S-metolachlor was
applied to WideStrikeTM cotton. However, these results from this observation are similar to
findings by Whitaker et al., (2011) who did not observe any adverse effects on WidestrikeTM
cotton yield from applications of glufosinate + S-metolachlor.
Applications containing dicamba, regardless of formulation, in combination with
glyphosate or glufosinate produced similar levels of injury at three, seven, and 14 DAA, with
injury after application (Table 4.5). Similar to injury symptomology present following
application of glufosinate alone, injury was present in the form of necrotic spotting on the leaves
that were present at the time of application. Moreover, the addition of glyphosate or glufosinate
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increased injury when compared to the respective dicamba formulation contained within the
herbicide combination at three and seven DAA. However, in all cases, increased crop injury at
three and seven DAA were determined to be additive based on the Colby method. Results at
seven DAA agree with results from observations performed by Cahoon et al., (2015) and Dixon
et al., (2014) who also observed an increase in visual injury at seven DAA when comparing
applications of dicamba to applications of dicamba + glyphosate. Although reductions in height
were still present at the end of the season, they were considered minimal. This due impart to the
number of mainstem nodes present at the end of the growing season being at least that of the
untreated control, as well as maturity nor yield being affected by the reduction in plant height at
the end of the growing season (Table 4.8).
Applications containing 4-way combinations of dicamba + glyphosate + glufosinate + Smetolachlor resulted in the greatest crop injury observed at three DAA with the only exceptions
following application of glyphosate + dicamba + S-metolachlor, Engenia® + S-metolachlor and
Xtendimax® + S-metolachlor, which resulted in similar injury levels (Table 4.9). However, at
seven DAA, combinations of Engenia® + S-metolachlor and Xtendimax® + S-metolachlor
resulted in significantly less injury compared to 4 - way herbicide combinations and produced
similar injury levels to those 3-way herbicide applications of Clarity® + glufosinate + glyphosate,
Engenia® + glufosinate + glyphosate, and dicamba + glyphosate + glufosinate. There were no
differences in the number of mainstem nodes present at the end of the growing season between
these treatments and the untreated check (Table 4.9).
The addition of glufosinate + S-metolachlor resulted in greater injury for a longer period
of time. Therefore, a single degrees of freedom contrast was performed comparing injury levels
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of herbicide combinations containing either glufosinate or S-metolachlor to applications
receiving both glufosinate + S-metolachlor (Table 4.10) Increased levels of injury were present at
every rating interval for applications containing glufosinate + S-metolachlor. However,
differences in magnitude of injury decreased at each rating interval (Table 4.10). Steckel et al.,
(2012) also observed that treatments receiving glufosinate + S-metolachlor produced greater
injury but also negatively impacted the yield of WideStrikeTM cotton. There were no differences
in yield when associated with single degrees of contrast of the treatments evaluated (data not
shown).
Although high levels of cotton injury were present, no reductions in yield were observed.
Findings were similar to Whitaker et al., (2011) where no negative impacts on yield were
observed from applications of glufosinate + S-metolachlor on WidestrikeTM cotton. Findings did
differ compared to findings by Steckel et al., (2012) who observed reductions in cotton yield
from applications of glufosinate + S-metolachlor.
4.6

Conclusion
Cotton injury varied by herbicide combination. However, injury was the greatest at three,

seven, 14, and 21 days after treatment for applications containing both glufosinate and Smetolachlor when compared to combinations that contained either glufosinate or S-metolachlor.
Crop injury decreased at each rating interval and had disapated by 28 DAA. Height reductions
were present at first bloom and at the end of the season. However, cotton yield was unaffected
even when injury three DAA was greater than 30%. Current labels for dicamba formulations
registered for use in the US restrict the combination of glufosinate with the dicamba formulations
Engenia® and Xtendimax®. Based on these data, growers may apply a variety of tankmixes and
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not observe a yield penalty. However, illegal applications not approved on current labels is not
endorsed. Furthermore, if growers are concerned about cotton injury after a herbicide
application, the use of glufosinate in combination with S-metolachlor should be approached with
caution in XtendFlexTM cotton.
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Table 4.1

Dates of planting, rating, as well as growth and development data collection for the years 2015-2017 for the locations of
Starkville and Brooksville, MS.
Starkville
2015

2016

Brooksville
2017

2015

2016

2017

–––––––––––––––––––––––––––––Dates–––––––––––––––––––––––––––––
Planting Date

11 May

07 May

09 May

21 May

11 May

09 May

Stand Counts

25 May

25 May

23 May

04 June

31 May

31 May

Application Date

12 June

10 June

13 June

23 June

10 June

13 June

3 days after application

16 June

13 June

16 June

26 June

14 June

16 June

7 days after application

19 June

17 June

20 June

30 June

17 June

20 June

14 days after application

26 June

23 June

27 June

07 July

23 June

27 June

21 days after application

03 July

30 June

04 July

15 July

01 July

04 July

28 days after application

10 July

08 July

11 July

22 July

08 July

11 July

Height, NodesA, NAWFB @ 1st bloom

16 July

06 July

18 July

23 July

12 July

26 July

Height, Nodes, NACBC @ the end of the season

11 Sept.

15 Sept.

19 Sept.

16 Sept.

22 Sept.

20 Sept.

Harvest

14 Oct.

10 Oct.

25 Oct.

19 Oct.

27 Oct.

10 Oct.

A

Number of mainstem nodes
Number of mainstem nodes above the 1st position white flower
C
Number of mainstem nodes above the cracked boll
B
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Table 4.2

List of herbicide combinations used as well as rates applied (kg ai ha-1 or kg ae ha-1) in 2015, 2016, and 2017 at
Starkville, MS and Brooksville, MS.

Herbicides
Glyphosate
Glufosinate
S-metolachlor
Engenia® (Dicamba)
Clarity® (Dicamba)
Xtendimax® (Dicamba)
Glyphosate + Glufosinate
Glyph. + S-metolachlor (Sequence®)
Engenia® + glyphosate
Clarity® + glyphosate
RoundupTM Xtend® (Dicamba + Glyphosate)
Glufosinate + S-metolachlor.
Engenia® + glufosinate
Clarity® + glufosinate
Xtendimax® + glufosinate
Engenia® + S-metolachlor
Clarity® + S-metolachlor
Xtendimax® + S-metolachlor
Glyphosate + Glufosinate + S-metolachlor
Engenia® + glyphosate + glufosinate
Clarity® + glyphosate + glufosinate
RoundupTM Xtend® + Glufosinate
RoundupTM Xtend® + S-metolachlor
RoundupTM Xtend®+ Glufosinate +Smetolachlor
Clarity® + Glyph. + Gluf. + S-meto.c
Engenia® + Glyph. + Gluf. +S-meto.

glyphosate
dicamba
––––––––––––kg ae ha-1––––––––––––
1.1
–––––
–––––
–––––
–––––
–––––
–––––
0.6
–––––
0.6
–––––
0.6
1.1
–––––
0.8
–––––
1.1
0.6
1.1
0.6
1.1
0.6
–––––
–––––
–––––
0.6
–––––
0.6
–––––
0.6
–––––
0.6
–––––
0.6
–––––
0.6
1.1
–––––
1.1
0.6
1.1
0.6
1.1
0.6
1.1
0.6
1.1
0.6
1.1
1.1

0.6
0.6
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glufosinate
S-metolachlor
––––––––––––kg ae ha-1––––––––––––
–––––
–––––
0.6
–––––
–––––
1.1
–––––
–––––
–––––
–––––
–––––
–––––
0.6
–––––
–––––
1.1
–––––
–––––
–––––
–––––
–––––
–––––
0.6
1.1
0.6
–––––
0.6
–––––
0.6
–––––
–––––
1.1
–––––
1.1
–––––
1.1
0.6
1.1
0.6
–––––
0.6
–––––
0.6
–––––
–––––
1.1
0.6
1.1
0.6
0.6

1.1
1.1

Table 4.3

Analysis of variance and associated p-values for the effects of herbicide combination on crop injury at 3, 7, 14, 21, and
28 days after application pooled across years and locations.

Effect
Herbicide(s)
a
b

D.F.a

3 DAAb

7 DAA

14 DAA

21 DAA

28 DAAT

26

<0.0001

<0.0001

<0.0001

<0.0001

0.3748

Degrees of Freedom
Days after application

Table 4.4

Effect
Herbicide(s)

Analysis of variance and associated p-values for the effects of herbicide combination on cotton growth and development
parameters at 1st bloom and at the end of the season as well as cotton lint yield
1st bloom

1st bloom

D.F.a

ht.b

nd.c

NAWF d

EOS e ht.

EOS nd.

NACB f

Lint Yield

26

<0.0001

0.5159

0.7505

<0.0001

0.0256

0.5762

0.2089

a

Degrees of freedom
Plant height
c
Mainstem nodes
d
Nodes located above the whiteflower
e
End of the growing season
f
Nodes located above the cracked boll
b
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Table 4.5

Effect of herbicide application on crop injury 3, 7, 14, and 21 days after
application pooled across years and locations.

Herbicide(s)

3 DAA

7 DAA

14 DAA

21 DAA

––%––

––%––

––%––

––%––

Glufosinate

18 g-i

11 h-k

7 e-g

6 e-h

Glyphosate

13 ij

8k

5 gh

3h

S-metolachlor

13 ij

11 i-k

5 gh

4 gh

Glyphosate + Glufosinate

27 d-f

16 ef

9 c-f

7 d-g

Glufosinate + S-metolachlor.

36 bc

26 ab

9 b-f

10 a-c

Glyphosate + S-metolachlor (Sequence®)

18 hi

12 g-k

7 e-f

7 c-g

Glyph. + Gluf. + S-meto.

41 ab

28 a

12 a-c

10 b-d

®

14 ij

11 jk

6 f-h

5 e-h

®

Clarity + glufosinate

28 d-f

16 e-h

8 d-g

6 e-h

Clarity® + glyphosate

Clarity (Dicamba)

25 ef

16 e-i

7 d-g

5 e-h

®

29 de

22 bc

8 d-g

8 b-f

®

Clarity + glyphosate + glufosinate

31 cd

19 c-e

10 a-e

7 c-g

Clarity® + Glyph. + Gluf. +S-meto

41 ab

28 a

13 a

10 b-d

12 j

10 jk

4h

4 gh

Engenia + glufosinate

24 f

16 e-g

7 e-g

5 f-h

Engenia® + glyphosate

Clarity + S-metolachlor

Engenia® (Dicamba)
®

23 f-h

17 d-f

9 c-f

13 a

®

31 cd

22 bc

9 b-f

7 c-g

®

Engenia + glyphosate + glufosinate

31 cd

22 bc

11 a-d

8 b-f

Engenia® + Glyph. + Gluf. +S-meto.

Engenia + S-metolachlor

42 a

31 a

13 a

10 a-d

®

11 j

9k

6 f-i

4 gh

®

Xtendimax + glufosinate

23 f-h

14 f-j

7 e-h

5 e-h

RoundupTM Xtend®

24 ef

16 ef

8 d-g

6 e-h

31 cd

22 b-d

10 a-e

7 c-g

RoundupTM Xtend + glufosinate

24 f

16 e-i

9 d-f

6 e-h

RoundupTM Xtend®+ S-metolachlor

39 ab

29 a

13 ab

11 ab

39 ab

28 a

13 ab

8 b-e

Xtendimax

®

Xtendimax + S-metolachlor
®

®

Roundup Xtend + Gluf. +S-meto.
TM

Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
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Table 4.6

Effect of herbicide application on cotton injury based on Colby’s Method three days after the 3-6 leaf application.

Herbicide Treatment

Rate
kg ae or kg ai ha

p-valueb

Effect

––––––––––%––––––––––

0.6 + 1.1

28

27

0.623

Additive

Glufosinate + S-metolachlor

0.6 + 1.1

29

36

0.054

Additive

0.6 + 1.1 + 1.1

38

41

0.406

Additive

Clarity® + glufosinate

0.6 + 0.6

30

28

0.507

Additive

®

0.6 + 1.1

25

25

0.995

Additive

®

0.6 + 1.1

25

29

0.280

Additive

0.6 + 0.6+ 1.1

38

31*

0.017

Antagonistic

0.6 + 0.6 + 1.1 + 1.1

46

41

0.141

Additive

Engenia® + glufosinate

0.6 + 0.6

28

24

0.193

Additive

Engenia® + glyphosate

0.6 + 1.1

23

23

0.940

Additive

Clarity + glyphosate
Clarity + S-metolachlor
Clarity® + glufosinate + glyphosate
®

Clarity + gluf. + glyph. + S-meto.

®

0.6 + 1.1

24

31

0.042

Synergistic

®

Engenia + glyphosate + glufosinate

0.6 + 0.6+ 1.1

37

31

0.078

Additive

Engenia® + glyph. + gluf. + S-meto.

0.6 + 0.6 + 1.1 + 1.1

45

42

0.508

Additive

Xtendimax + glufosinate

0.6 + 0.6

27

23

0.180

Additive

Xtendimax® + S-metolachlor

0.6 + 1.1

23

31*

0.030

Synergistic

0.6 + 0.6+ 1.1

38

24*

<0.0001

Antagonistic

46

*

0.041

Antagonistic

Engenia + S-metolachlor

®

RoundupTM Xtend®+ glufosinate
®

RoundupTM Xtend + gluf. + S-meto.
b

-1

Observed

Glufosinate + glyphosate
Glufosinate + glyphosate + S-metolachlor

a

Expected

0.6 + 0.6 + 1.1 + 1.1

*

39

asterick denote observed values for treatments that were significantly different from the expected values
p-values denote significant differences between observed and expected values for each herbicide combination
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Table 4.7

Effect of herbicide application on cotton injury based on Colby’s Method seven days after the 3-6 leaf application.

Herbicide Treatment

Rate
kg ae or kg ai ha

p-valueb

Effect

––––––––––%––––––––––

0.6 + 1.1

18

16

0.569

Additive

Glufosinate + S-metolachlor

0.6 + 1.1

21

26

0.095

Additive

0.6 + 1.1 + 1.1

27

28

0.735

Additive

Clarity® + glufosinate

0.6 + 0.6

20

16

0.167

Additive

®

0.6 + 1.1

18

16

0.504

Additive

®

0.6 + 1.1

20

22

0.680

Additive

0.6 + 0.6+ 1.1

26

19

0.065

Additive

0.6 + 0.6 + 1.1 + 1.1

34

28

0.113

Additive

Engenia® + glufosinate

0.6 + 0.6

19

16

0.282

Additive

Engenia® + glyphosate

Clarity + glyphosate
Clarity + S-metolachlor
Clarity® + glufosinate + glyphosate
®

Clarity + gluf. + glyph. + S-meto.

0.6 + 1.1

17

17

0.871

Additive

®

0.6 + 1.1

19

22

0.458

Additive

®

Engenia + glyphosate + glufosinate

0.6 + 0.6+ 1.1

26

22

0.326

Additive

Engenia® + glyph. + gluf. + S-meto.

0.6 + 0.6 + 1.1 + 1.1

33

31

0.480

Additive

Xtendimax + glufosinate

0.6 + 0.6

19

14

0.142

Additive

Xtendimax® + S-metolachlor

0.6 + 1.1

18

22

0.378

Additive

0.6 + 0.6+ 1.1

26

16

0.002

Antagonistic

0.6 + 0.6 + 1.1 + 1.1

33

28

0.184

Additive

Engenia + S-metolachlor

®

RoundupTM Xtend®+ glufosinate
®

RoundupTM Xtend + gluf. + S-meto.
b

-1

Observeda

Glufosinate + glyphosate
Glufosinate + glyphosate + S-metolachlor

a

Expected

asterick denote observed values for treatments that were significantly different from the expected values
p-values denote significant differences between observed and expected values for each herbicide combination
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Table 4.8

Effect of herbicide application on cotton injury based on Colby’s Method 14 days after the 3-6 leaf application.

Herbicide Treatment

Rate
kg ae or kg ai ha

p-valueb

Effect

––––––––––%––––––––––

0.6 + 1.1

12

9

0.248

Additive

Glufosinate + S-metolachlor

0.6 + 1.1

12

12

0.982

Additive

0.6 + 1.1 + 1.1

16

13

0.333

Additive

Clarity® + glufosinate

0.6 + 0.6

12

7

0.070

Additive

®

0.6 + 1.1

11

7

0.196

Additive

®

0.6 + 1.1

10

9

0.597

Additive

0.6 + 0.6+ 1.1

17

9*

0.033

Antagonistic

0.6 + 0.6 + 1.1 + 1.1

20

14

0.086

Additive

Engenia® + glufosinate

0.6 + 0.6

11

7

0.123

Additive

Engenia® + glyphosate

Clarity + glyphosate
Clarity + S-metolachlor
Clarity® + glufosinate + glyphosate
®

Clarity + gluf. + glyph. + S-meto.

0.6 + 1.1

8

8

0.998

Additive

®

0.6 + 1.1

9

9

0.658

Additive

®

Engenia + glyphosate + glufosinate

0.6 + 0.6+ 1.1

15

11

0.181

Additive

Engenia® + glyph. + gluf. + S-meto.

0.6 + 0.6 + 1.1 + 1.1

19

14

0.480

Additive

*

Engenia + S-metolachlor

®

Xtendimax + glufosinate

0.6 + 0.6

12

7

0.039

Antagonistic

Xtendimax® + S-metolachlor

0.6 + 1.1

10

10

0.846

Additive

0.6 + 0.6+ 1.1

14

8*

0.038

Antagonistic

0.6 + 0.6 + 1.1 + 1.1

18

12

0.072

Additive

RoundupTM Xtend®+ glufosinate
®

RoundupTM Xtend + gluf. + S-meto.
b

-1

Observeda

Glufosinate + glyphosate
Glufosinate + glyphosate + S-metolachlor

a

Expected

asterick denote observed values for treatments that were significantly different from the expected values
p-values denote significant differences between observed and expected values for each herbicide combination
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Table 4.9

Effect of herbicide application on cotton growth and development parameters
pooled across years and locations.
1st bloom
height

EOSa height

EOS nodes

Lint Yield**

cm

cm

#

kg lint ha-1

70 a

89 a-c

18 c-f

1778

Glyphosate

67 b-d

87 d-j

18 c-f

1712

Glufosinate

66 c-h

88 a-e

18 d-f

1681

S-metolachlor

66 c-g

87a-h

18 c-f

1660

Glufosinate + glyphosate

65 f-k

86 e-j

18 b-e

1717

Glufosinate + S-metolachlor

64 f-k

85 h-k

17 f

1658

Glyphosate + S-metolachlor (Sequence®)

66 c-g

87 b-i

18 c-f

1663

Glyph. + Gluf. + S-meto.

65 e-j

87 b-i

18 c-f

1667

Clarity® (Dicamba)

Herbicide(s)
Untreated

c

65 d-i

86 e-j

18 c-f

1646

®

66 c-f

87 b-i

18 c-f

1708

®

Clarity + glyphosate

65 e-i

87 a-g

18 a-e

1670

Clarity® + S-metolachlor

63 jk

85 f-j

18 c-f

1589

Clarity® + glyphosate + glufosinate

64 h-k

86 e-j

18 b-e

1631

63 k

84 jk

18 ef

1597

Clarity + glufosinate

®

Clarity + Glyph. + Gluf. +S-meto
Engenia® (Dicamba)

67 b-d

90 a

18 ab

1762

®

65 f-k

85 f-j

18 d-f

1657

®

Engenia + glyphosate

66 c-g

89 a-d

19 a

1693

Engenia® + S-metolachlor

Engenia + glufosinate

66 c-g

88 a-f

18 a-e

1720

®

67 b-e

87 c-i

18 a-e

1697

®

Engenia + Glyph. + Gluf. +S-meto.

64 f-k

86 d-j

18 c-f

1599

Xtendimax® (Dicamba)

68 ab

89 ab

18 a-c

1755

®

64 g-k

86 e-j

18 a-b

1617

63 i- k

85 g-k

18 b-e

1595

Engenia + glyphosate + glufosinate

Xtendimax + glufosinate
RoundupTM Xtend

®

Xtendimax® + S-metolachlor

64 g-k

83 k

18 c-f

1567

®

66 c-f

86 e-j

18 c-f

1672

®

64 f-k

84 ijk

18 c-f

1636

63 k

86 e-j

18 a-e

1590

Roundup Xtend + glufosinate
TM

RoundupTM Xtend + S-metolachlor
RoundupTM Xtend®+ gluf. +S-metolachlor

Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
**
Denotes parameters that were not significantly affected by herbicide combinations
a
end of the growing season
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Table 4.10

Single degree of freedom contrasts comparing herbicide combinations containing glufosinate or S-metolachlor to
herbicide combinations containing both glufosinate and S-metolachlor at 3, 7, 14, and 21 days after application.

Contrast

3 DAA

7 DAA

14 DAA

21 DAA

Combinations containing glufosinate or S-metolachlor

27

18

9

7

Combinations containing glufosinate and S-metolachlor

40

28

12

10

<0.0001

<0.0001

<0.0001

<0.0001

Pr > F
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CHAPTER V
INJURY POTENTIAL FROM HERBICIDE COMBINATIONS IN ENLIST TM COTTON
5.1

Abstract
EnlistTM cotton became publically available to growers in 2016. This platform was

developed to aid growers in the control of glyphosate resistant weed species. EnlistTM cotton has
tolerance to 2,4-D, glyphosate, and glufosinate. New varieties also contain Widestrike® 3 for
lepidopteran control which contains the PAT enzyme as a selectable marker which also confers
resistance to glufosinate. The tolerance of cotton designated as Widestrike® to herbicide
combinations has been widely documented. However, little data exists regarding the tolerance of
EnlistTM cotton to herbicide applications containing glyphosate, glufosinate, 2,4-D choline and Smetolachlor. Experiments were conducted in 2016 and 2017to evaluate tolerances of EnlistTM
cotton to herbicide tank mixes. Treatment combinations consisted of an untreated control and
herbicide(s) applications containing: glyphosate @ 1.1 kg ae ha-1, glufosinate @ 0.6 kg ai ha-1, Smetolachlor @ 1.1 kg ai ha-1, 2,4-D choline @ 1.1 kg ae ha-1, and a premix formulation of
glyphosate + S-metolachlor @ 0.8 kg ae ha-1 + 1.05 kg ai ha-1. Crop injury ratings consisted of %
necrosis, % chlorosis, % visual stunting, % injury visible on new growth, and total injury at 7,
14, and 28 days after application. Cotton lint yield was also collected at the conclusion of each
growing season. The greatest levels of necrotic and total injury present 7 DAA were observed
following applications of glufosinate + S-metolachlor, alone or in combination with glyphosate
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or glyphosate + 2,4-D choline. The least amount of necrosis and total injury 7 DAA was
observed following applications of glyphosate, glufosinate, S-metolachlor, glyphosate +
glufosinate or glyphosate + S-metolachlor which produced less than 10% necrosis and 13%
injury. In general, crop injury expressed as necrotic speckling decreased by 14 DAA. Visual
injury ranged from 8%-16% depending on herbicides applied. At 28 DAA, no differences in
necrosis or total injury were present and total injury was less than 7%. Lint yield was unaffected
by herbicide application.
5.2

Introduction
EnlistTM cotton [Gossypium hirsutum (L.)] become available to growers across the cotton

belt in 2016. The EnlistTM platform in cotton confers resistance to 2,4-D; glyphosate, and
glufosinate (ISAAA 2016). More recent cultivar releases from Phytogen also contain the
Widestrike® 3 technology, which confers resistance to lepidopteran pests (Jacobson et al., 2016).
The combination of these traits in a single technology package are coded as four events which
are 3006-210-23 x 281-24-236 x MON88913 x COT102 x 81910 (ISAAA 2016). The trait 28124-236 codes for a synthetic form of phosphinothricin N-acetyltransferase (PAT) which confers
tolerance to glufosinate by acetylation. This event codes for the Cry1F delta endotoxin, which
was derived from Bacillus thuringiensis var. aizawai and confers resistance to lepidopeteran
insects by damaging the insect’s midgut lining (ISAAA 2016). The event 3006-210-23 codes for
a synthetic form of the PAT enzyme which serves as a selectable marker, and codes for Cry1Ac
delta-endotoxin, which also confers resistance to lepidopteran insects by damaging the midgut
lining (ISAAA 2016). The event COT102 codes for the VIP3A vegetative insecticidal protein,
which was derived from Bacillus thuringiensis strain AB88, and confers resistance to feeding
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damage caused by lepidopteran pest in a similar manner to Cry1Ac and Cry1F. It also codes for
the hygromycin-B phosphotransferase (hph) enzyme which is introduced by the gene aph4 (hpt)
and allows selection for resistance to the antibiotic hygromycin B. The event 81910 codes for the
introduction of aad-12 which produces aryloxyalkanoate di-oxygenase 12 (AAD-12) protein
which catalyzes the side chain degradation of 2,4-D. It also codes for the PAT enzyme, which
eliminate the herbicidal activity of glufosinate (ISAAA 2016).
Braxton et al., (2017) observed that when glufosinate was appliedto 6-8 leaf EnlistTM
cotton at 542 g ha-1 (1X), 1,084 g ha-1 (2X), and 2,168 g ha-1 (4X) in 2010, visual injury was 3
%, 7%, and 13 %, respectively, three days after application (DAA). Additionally, crop injury
decreased over time and injury present seven DAA was minimal with the highest level of injury
persisting being 2% following applications at the 4X rate. Similar injury levels were observed on
6-8 leaf cotton as well as 10-12 leaf cotton. Additionally, injury observed three DAA was no
greater on cotton subjected to sequential applications of glufosinate when compared to cotton
receiving a single application of glufosinate at the 10-12 leaf growth stage (Braxton et al., 2017).
However, greater cotton injury was observed seven days (d) after the sequential glufosinate
application was made compared to treatments that received a single application at the 10-12 leaf
growth stage. Additionally, four formulations of glufosinate were evaluated. Cotton treated with
Liberty® or Interline™ resulted in greater injury 3 DAA when compared to cotton treated with
Kong™. Injury observed from applications of Cheetah™ did not differ from injury observed
from Liberty®, Interline™, or Kong™. Additionally, greater injury persisted 14 DAA following
Interline application compared to Kong (Braxton et al., 2017). However, no impact on cotton
yield was observed and EnlistTM cotton appears to have a similar level of resistance to
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glufosinate to that observed by Dodds et al., (2015); Irby et al., (2013), Sweeney and Jones
(2014); and Wallace et al., (2014) in LibertyLink® or GlyTol™ + LibertyLink® cotton.
Published data on the response of EnlistTM cotton to herbicide applications containing
multiple modes of action (MOAs) is lacking. However, the response of Widestrike ® cotton to
applications containing multiple MOAs has been documented. Steckel et al., (2012) found that
tank mixtures containing glufosinate resulted in significantly greater injury when applied to
Widestrike® cotton when compared to tank combinations containing glyphosate. In addition,
application of S-metolachlor alone, dimethoate alone or the combination of the two resulted in
less injury (3%-9%) compared to applications containing glufosinate, glyphosate, S-metolachlor,
and dimethoate (20 % to 33%) (Steckel et al., 2012). The addition of S-metolachor to
applications of glufosinate increased the level of injury observed on WidestrikeTM cotton
(Cahoon et al., 2015a). Similar results have been observed by Culpepper et al., (2009), Whitaker
et al., (2011), Steckel et al., (2012). Cahoon et al., (2015b) found that visual injury on
WidestrikeTM cotton increased when glufosinate and glyphosate were co-applied compared to
when either herbicide was applied alone. These findings agree with previous research from
Steckel et al., (2012) who found that applications of glufosinate + glyphosate, glufosinate + Smetolachlor, as well as three and four-way combinations of glufosinate, glyphosate, Smetolachlor, and dimethoate resulted in reduced cotton height. Treatments of glufosinate + Smetolachlor also resulted in delayed cotton maturity and yield loss.
Although previous research has widely documented the cotton injury response observed
when multiple MOAs were applied to WidestrikeTM cotton, currently there is very little data
present regarding crop injury response of Enlist® cotton due to herbicide applications containing
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multiple MOAs. Therefore, this research was conducted to quantify the effects of herbicide tank
mix combinations on Enlist® cotton injury and yield.
5.3

Materials and Methods
Experiments were conducted in 2016 and 2017 at the R.R. Foil Plant Science Research

Center at Starkville, MS and the Black Belt Branch Experiment Station in Brooksville, MS.
Planting date, application date, and harvest date are given in Table 5.1. Phytogen 490 W3FE was
planted on conventionally tilled beds spaced 97 cm apart in all experiments. Cotton was seeded
at 13.1 seeds per meter of row and fertility, vegetative growth, and harvest aids were applied
based on Mississippi State University Extension recommendations. Each plot consisted of four
rows 12 m in length. Herbicide applications were made to 3-6 leaf cotton with the center two
rows being treated and the outside rows remaining untreated to serve as buffer between plots.
Experiments located at the Starkville location in 2016 and 2017 were furrow irrigated as needed,
while cotton at the Brooksville location in was grown under rainfed conditions.
In 2016, nitrogen (N) fertilizer (32% UAN) was injected into the soil in a split application
at the Starkville location. In 2017, N fertilizer (30-0-0-2.5 S) was injected into the soil in a split
application. In both years at the Starkville location 56 kg N ha-1 was applied at planting and 78
kg N ha-1 was applied at the third week of squaring. In both years at the Brooksville location, N
fertilizer was applied in a single application of 134 kg N ha-1 at the third week of squaring. All
applications were made using a ground driven knife applicator. All other fertilizer was applied
based on soil test recommendations. All cotton was scouted weekly at both locations in both
years using the appropriate methodology for weed and insect pests with pesticide applications
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and harvest aid applications applied based on Mississippi State University Extension
recommendations (Catchot 2017; Anonymous 2017).
Experiments were conducted using a randomized complete block design with four
replications. Treatment combinations consisted of an untreated check and herbicide(s)
applications containing (Table 5.2): glyphosate (Roundup Powermax®, Monsanto Company, St.
Louis, Missouri) @ 1.1 kg ae ha-1, glufosinate (Liberty® 280 SL, Bayer CropScience, Durham,
North Carolina) @ 0.6 kg ai ha-1, S-metolachlor (Dual Magnum® , Syngenta Crop Protection,
Greensboro, North Carolina) @ 1.1 kg ai ha-1, 2,4-D choline (EnlistTM One with Colex D
Technology, Dow AgroSciences LLC, Indianapolis, Indiana) @ 1.1 kg ae ha-1. The premix
formulation of glyphosate + S-metolachlor (Sequence®, Syngenta Crop Protection, Greensboro,
North Carolina) @ 0.8 kg ae ha-1 + 1.05 kg ai ha-1. Applications were made using a CO2
propelled backpack sprayer using TeeJet AIXR 110015 nozzles at an application pressure of 317
kpa and application speed of 4.8 kph.
Data collection included visual injury ratings at 7, 14, and 28 days after application
(DAA) (Table 5.1). Total visual injury ratings were the summation of % necrosis, % chlorosis, %
stunted growth, and % visual injury present on newly expanded growth after the application.
Seed cotton yield was collected using a 2-row spindle picker modified for small plot research.
Prior to harvest, 25 boll samples were hand harvested from each plot. Each sample was ginned
on a 10 saw Continental Eagle (Lubbock, Texas) laboratory gin. Gin turnout was derived by
dividing the lint mass after ginning by the seed cotton weight prior to the ginning process and
multiplying by 100. All data were subjected to analysis of variance using the PROC GLIMMIX
procedure SAS v9.4. Trends were similar across years and locations regarding the level of injury
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and cotton yield; therefore, data were pooled over years and locations. Means were separated
using Fisher’s protected LSD (α ≤ 0.05). Degrees of freedom were calculated using the
Kenward-Roger Method.
5.4
5.4.1

Results and Discussion
Herbicide combinations effect on crop injury parameters
Herbicide(s) evaluated did not impact impact chlorotic injury visually observed on

foliage at 7, 14, and 28 days after application (Table 5.3). Mean level of chlorotic injury
observed at 7 DAA, 14 DAA, and 28 DAA ranged from 0-3% at 7 and 14 DAA and 0-6% at 28
DAA (data not shown). Similarly, herbicide combinations applied did not result in stunted
growth at 7, 14, and 28 days after application (Table 5.3). Mean % stunted growth visually
observed was less than 3% at all evaluation periods (Data not shown).
However, herbicide(s) utilized impacted necrotic injury as well as total injury present at 7
DAA and 14 DAA (Table 5.3). Foliar necrosis varied by treatment and ranged from 0-21%
(Table 5.5). At all three rating periods, total injury primarily consisted of % necrosis on foliar
tissue. Foliar injury manifested as necrotic speckling on foliage present at the time of application.
At no point after application was new growth affected by herbicide application. The greatest
level of necrotic and total injury present 7 DAA was observed following application of
glufosinate + S-metolachlor, alone or in combination with glyphosate or glyphosate + 2,4-D
choline as well as glyphosate + fluosinate + 2,4-D choline (Table 5.5). The least amount of
necrosis and total injury 7 DAA was observed following applications of glyphosate, glufosinate,
S-metolachlor, glyphosate + glufosinate or glyphosate + S-metolachlor which resulted in less
than 10% necrosis and 13% injury (Table 5.5). These data agree with Steckel et al., (2012) who
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observed that visual injury was higher when glufosinate was applied in combination with Smetolachlor compared to application alone of each herbicide and that injury was greater when
glufosinate was applied in combination with S-metolachlor compared to application of
glyphosate + S-metolachlor. These findings disagree with Cahoon et al., (2015a) and Steckel et
al., (2012) who observed an increase in injury when glyphosate and glufosinate where applied to
WidestrikeTM cotton in combination compared to when they were applied alone.
In general, crop injury expressed as necrotic speckling decreased in most cases at 14
DAA. Injury ranged from 8% - 16% depending on herbicide(s) applied (Table 5.5). Application
of all herbicides resulted in similar levels of necrotic injury. Application of glyphosate or
glufosinate alone or in combination resulted in necrosis indistinguishable from the untreated
check. Total level of injury present from applications of glyhposate + glufosinate + 2,4-D
choline + S-metolachlor was greater 14 DAA compared to total injury present on cotton treated
with glyphosate alone, glufosinate alone, and the combination thereof at 14 DAA (Table 5.5).
Similar levels of injury were present 14 DAA on cotton treated with glyphosate, glufosinate, Smetolachlor, glyphosate + S-metolachlor, glufosinate + S-metolachlor, glyphosate + glufosinate,
glyphosate + glufosinate + S-metolachlor, and glyphosate + glufosinate + 2,4-D choline (Table
5.5). At 28 DAA no differences in necrosis or total injury were present and were less than 7%
(data not shown).
There was no significant impact of herbicide application on cotton lint yield (Table 5.3).
Results differed from findings from Steckel et al., (2012) who observed a decrease in lint yield
following applications of glyphosate + glufosinate + S-metolachlor were applied to WidestrikeTM
cotton. These data agree with Braxton et al., (2017) in the lack of yield response of W3FE cotton
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to herbicide tank mix combinations. Herbicide combinations did not have an impact on the cotton
lint yield (Table 5.3). Cotton lint yield ranged from 874 to 987 kg lint ha-1 (Data not shown). The
lack of response on new growth as week as no lint yield reductions indicate that visual injury
was transient. We hypothesize that this is due to the additional copy of the PAT enzyme that is
present in the construct coded 81910.
These results differ from findings on WidestrikeTM cotton observed by Culpepper et al.,
(2009); Whitaker et al., (2011); Steckel et al., (2012); Cahoon et al.,( 2015a & 2015b). Although
injury levels observed following glufosinate application were higher than those by Braxton et al.,
(2017), observed ratings were similar to these findings. Minimal response of WidestrikeTM cotton
to a single labeled application of glufosinate has been previously shown by Culpepper et al.,
(2009); Whitaker et al., (2011); Steckel et al., (2012); Cahoon et al., (2015a & 2015b); and
Dodds et al., (2015).
5.4.2

Effects of increasing the number of modes of action
Chlorosis observed at 14 DAA on EnlistTM cotton was only influenced by the number of

MOAs applied (Table 5.4). Chlorotic injury on EnlistTM cotton 14 DAA was greatest when ≥ 3
MOAs were applied to 3-6 leaf cotton (Table 5.6). Cotton receiving both three and four MOAs
had more chlorotic injury 14 DAA compared to cotton receiving applications that contained 1
MOA or 2 MOAs. However, chlorosis was 1% or less regardless of the number of MOAs
applied (Table 5.6).
Necrosis and total injury present 7 DAA, 14 DAA, and 28 DAA were influenced by the
number of MOAs present in a single application (Table 5.4). Most of the injury observed at 7
DAA as well as 14 DAA and 28 DAA consisted of necrotic speckling on foliar tissue that was
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present at the time of application. Total injury as well as % necrosis present 7 DAA was greatest
when 3 or more MOAs were applied to EnlistTM cotton. Total injury present at 7DAA on
EnlistTM cotton treated with applications containing 1, 2, 3, and 4 MOAs was 10%, 16%, 20%
and 25%, respectively (Table 5.6).
Stunted growth 14 DAA was influenced by the number of MOAs present in the herbicide
application (Table 5.4). However, the level of stunting was minimal (1% to 3%) and had
dissipated by 28 DAA (Table 5.6). Total injury present 14 DAA dissipated when compared to
visual injury ratings at seven DAA (Table 5.6). Total injury 14 DAA ranged from 11% to 20%
depending on the number of MOAs applied. Applications containing three or more MOAs
resulted in greater injury on EnlistTM cotton compared to applications containing 1 MOA (Table
5.6). Although the number of MOAs present in the application influenced the level of total injury
present 28 DAA, level of injury was less than 7% (Tables 5.4 & 5.6).
Yield was not influenced by the number of MOAs present in the herbicide application
(Table 5.4). These disagree with Steckel et al., (2012) who observed that three and four-way
combinations reduced yield in WidestrikeTM cotton. These data along with Braxton et al., (2017)
suggest the additional copy of the PAT enzyme has increased the level of tolerance of W3FE
cotton to multiple herbicide tank mix combinations compared WidestikeTM cotton. However,
growers should be aware of the increased injury potential when making these applications even
though the injury was transient.
5.5

Conclusion
Regardless of the herbicide combination used or the number of MOAs contained within

the application, EnlistTM cotton yield was unaffected by herbicide application. Injury was
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greatest 7 DAA and when two or more herbicides, one of which was glufosinate, were applied in
a single application. However, injury was transient and was never observed on new growth or
had a negative impact on yield. The additional copy of the PAT enzyme appears to have
increased the level of tolerance to glufosinate alone as well as when co-applied with glyphosate
and S-metolachlor. It has been postulated by Stephenson et al., (2013) as well as Cahoon et al.,
(2015a) that the use of multiple MOAs could preserve existing herbicide technologies and slow
down the evolution of herbicide resistance in problematic weed species. Based on these findings,
cotton cultivars expressing the EnlistTM trait can withstand herbicide applications containing up
to 4 MOAs without suffering yield reductions. However, growers should be cautioned prior to
the use of multiple MOAs that higher levels of visual injury can be expected.
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Table 5.1

Dates of planting, visual rating, and harvest evaluation of multiple herbicide mode of actions applied to W3FE cotton.
Brooksville
2016

Starkville
2017

2016

2017

––––––––––––––––––––––––––Dates–––––––––––––––––––––––––
Planting Date

12 May

09 May

11 May

02 May

Stand Counts

25 May

25 May

25 May

24 May

Application Date

07 June

13 June

08 June

13 June

7 days after application

15 June

20 June

15 June

20 June

14 days after application

21 June

27 June

21 June

27 June

28 days after application

05 July

07 July

05 July

09 July

27 October

10 November

10 October

25 October

Harvest
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Table 5.2

List of herbicide combinations used as well as rates applied (kg ai ha-1 or kg ae ha-1) to W3FE cotton.

Herbicides
Glyphosate
Glufosinate
S-metolachlor
Glyphosate + glufosinate
Glyphosate + S-metolachlorA
Glufosinate + S-metolachlor
Glyphosate + glufosinate + S-metolachlor
Glyphosate + glufosinate + 2,4-D
Glyphosate + glufosinate + 2,4-D + S-meto.
A
Pre-mix formulation

Glyphosate
2,4-D choline
-1
––––––––––––kg ae ha ––––––––––––
1.1
–––––
–––––
–––––
–––––
–––––
1.1
–––––
0.8
–––––
–––––
–––––
1.1
–––––
1.1
1.1
1.1
1.1
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Glufosinate
S-meto.A
–––––––––––kg ai ha-1–––––––––––
–––––
–––––
0.6
–––––
–––––
1.1
0.6
–––––
–––––
1.1
0.6
1.1
0.6
1.1
0.6
–––––
0.6
1.1

Table 5.3

Analysis of variance for the effect of herbicide combinations on visual injury estimates at 7, 14 and 28 days as after
application as well as lint yield.
D.F.A

–––––––––Chlorosis–––––––––

Effect
Herbicide
combinations

A
B

9

–––––––––Necrosis––––––––

–––––––––Stunting–––––––––

–––––––Total Injury–––––––

7 DAAB

14
DAA

28 DAA

7 DAA

14
DAA

28
DAA

7 DAA

14
DAA

28
DAA

7 DAA

14
DAA

28
DAA

0.6103

0.2827

0.5970

0.0003

0.0286

0.7802

0.5571

0.1525

0.4359

<0.0001

0.0054

0.3092

Lint
Yield

0.9257

Degrees of Freedom
Days after application

Table 5.4

Analysis of variance for the effect of number of mode of actions used in a single application had on visual injury
estimates at 7, 14 and 28 days as after application as well as lint yield.
D.F.A

Effect
Number of
MOAsC

4

–––––––––Chlorosis––––––––

–––––––––Necrosis–––––––––

–––––––––Stunting–––––––––

–––––––Total Injury–––––––

7 DAAB

14
DAA

28
DAA

7 DAA

14
DAA

28
DAA

7 DAA

14
DAA

28
DAA

7 DAA

14
DAA

28
DAA

0.1541

0.0295

0.1516

<0.0001

0.0059

0.3269

0.1594

0.0250

0.8920

<0.0001

0.0007

0.0468

A

Degrees of Freedom
Days after application
C
Modes of action
B
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Lint
Yield

0.8520

Table 5.5

Effect of herbicide combinations applied to W3FE cotton on percentage foliar necrosis and total foliar visual injury.

7 DAAA
14 DAA
7 DAA
14 DAA
Herbicide combinations
–––––––––––Necrosis––––––––––– ––––––––––Total Injury––––––––––
–––––––––––––––––––––––––––––%–––––––––––––––––––––––––––––
Untreated
0d
0b
0d
0c
Glyphosate
6 cd
8 ab
8 cd
8 bc
Glufosinate
9 cd
9 ab
12 bc
10 b
S-metolachlor
6 cd
13 a
9 cd
14 ab
Glyphosate + glufosinate
10 bcd
8 ab
13 bc
10 bc
Glyphosate + S-metolachlor
9 cd
13 a
13 bc
14 ab
Glufosinate + S-metolachlor
20 ab
17 a
22 ab
18 ab
Glyphosate + glufosinate + S-metolachlor
21 a
16 a
24 a
18 ab
Glyphosate + glufosinate + 2,4-D
14 abc
15 a
16 abc
17 ab
Glyphosate + glufosinate + 2,4-D + S-metolachlor
21 a
16 a
25 a
20 a
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
A
Days after application
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Table 5.6

Effect of number of mode of actions applied in a single application to 3-6 leaf EnlistTM traited cotton on % foliar
necrosis visual injury at 7, 14, and 28 days after application.
Necrosis

Number of
MOAsB

Total Injury

–––––––––7 DAA–––––––––

Chlorosis

Necrosis

Stunting

Total Injury

––––––––––––––––––––––14 DAA–––––––––––––––––––––

Total Injury
––28 DAA––

–––––––––––––––––––––––––––––––––––––––––––%––––––––––––––––––––––––––––––––––––––––––
1
7c
10 c
0.5 a
10 a
1b
11 b
5a
2
13 b
16 b
0.5 a
13 a
1b
14 ab
5a
3
17 ab
20 ab
1.0 b
15 a
1 ab
17 a
6a
4
21 a
25 a
1.0 b
16 a
3a
20 a
7a
Means within a column followed by the same letter are not significantly different (α ≤ 0.05)
A
Days after application
B
Modes of action
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